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Marine mesozooplankton (zooplankton >0.2 mm in size) play critical roles in ocean food webs 
and biogeochemical cycles. Because mesozooplankton are taxonomically and functionally 
diverse, community composition is an important factor that influences zooplankton-mediated 
ecological functions. In particular, food web processes such as grazing and trophic transfer within 
diverse plankton communities set the foundation for the flow of energy and important 
biomolecules such as fatty acids throughout marine ecosystems. However, our understanding is 
limited regarding how these complex processes will respond to climate change as the oceans 
become warmer and more acidic due to increased anthropogenic carbon dioxide being released 
into the atmosphere. 
The present thesis aims to explore the roles of zooplankton in New Zealand marine ecosystems 
through the lens of a changing ocean. Specifically, this thesis 1) describes zooplankton community 
compositions and associations with water masses and seasons during a year when there was a 
summer marine heatwave event off the south-eastern coast of New Zealand, and 2) investigates 
the responses of two important zooplankton-mediated processes within marine food webs – 
grazing behaviour and fatty acid trophic transfer – to the combined climate stressors of ocean 
warming and acidification. 
To characterise zooplankton communities off the south-eastern coast of New Zealand, 
mesozooplankton were collected along an oceanographic transect passing through neritic, 
modified subtropical, and subantarctic surface waters from November 2017 to September 2018 
(Chapter 2). During the study period, some samples were coincidently collected when there was 
a summer marine heatwave event. Multivariate analyses revealed that zooplankton community 
compositions differed significantly among water masses and were characterised by seasonal 
community shifts involving copepods, pelagic tunicates, chaetognaths, and thecosome pteropods. 
These findings improve our limited understanding of the present-day biology off the Otago coast 
and provide first insight into seasonal differences in zooplankton composition in the different 
water masses. The findings also provide a possible window into how zooplankton communities 
could be affected by future heatwave events, but more importantly serve as a baseline dataset for 
future Munida transect zooplankton studies. 
To investigate effects of climate change on zooplankton grazing dynamics, mesozooplankton 
grazing incubation experiments (24 h) were carried out under present-day temperature and pH 
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conditions and those predicted for the year 2100 in the form of single and combined stressors. 
The incubations used either isolated copepods of a single species or a mixed mesozooplankton 
community incubated with their natural prey communities. The incubations took place during 
short-term mesocosm studies (20-22 days) in two consecutive years (Mesocosm Experiment 3 in 
2017 and Mesocosm Experiment 4 in 2018), which were part of a larger project (CARIM – Coastal 
Acidification: Rates, Impacts, and Management) designed to assess effects of climate stressors on 
New Zealand coastal marine ecosystems (Chapters 3 and 4). Results demonstrate the 
complexities and variable interactions within natural plankton communities and suggest that 
climate change may alter zooplankton grazing dynamics under combined (Chapter 3) or single 
stressors (Chapter 4) at both the community (Chapter 3) and species level (Chapter 4). Results 
from both chapters also contained some negative grazing rates, which, while biologically 
impossible, are not uncommon in zooplankton grazing experiments using disappearance-based 
methods and bottle incubations. This indicates that, although the methods used were the best 
currently available, they were not robust enough to fully resolve all trophic interactions within 
the experimental system. 
To investigate the effects of climate change on plankton fatty acid content and trophic transfer, 
the relative fatty acid compositions of the mesozooplankton and prey community within one of 
the coastal climate change mesocosm experiments (Mesocosm Experiment 4) were analysed 
(Chapter 5). Results show that neither acidification alone nor acidification in combination with 
warming significantly affected the close correlation between diet and consumer fatty acid 
composition. However, polyunsaturated fatty acids, particularly the relative concentration of 
C18:4n-3, decreased in zooplankton under combined acidification and warming but not in the 
diet, which suggests combined stressors may have directly affected zooplankton physiology 
regardless of the fatty acid composition of the diet. 
Overall, the present thesis improves our understanding of how ocean warming and acidification 
may affect zooplankton community dynamics, particularly in New Zealand waters. The main 
findings 1) provide an important baseline of zooplankton distributions and community 
compositions against which future studies can be compared, and 2) demonstrate the complexities 
of zooplankton trophic interactions, suggesting their responses to climate stressors will also be 
complex and variable. Specifically, results from mesocosm experiments imply that effects of 
climate stressors on copepod grazing are likely species-specific, are different across levels of 
biological organization, and are influenced by variability in the prey field, including internal 
microzooplankton dynamics. Mesocosm results also suggest climate stressors do not affect the 
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overall trophic transfer of fatty acids from diet to zooplankton consumers at the community level 
but may still directly affect some zooplankton polyunsaturated fatty acids. The present thesis also 
highlights the need for continued and long-term monitoring efforts of zooplankton off New 
Zealand’s coasts, and the development of methods that are conducive for accurately estimating 
grazing rates of copepods within climate manipulation experiments in productive coastal 
systems. Findings from this thesis add to our understanding of present-day zooplankton-driven 
ecological functions in New Zealand waters and have implications for improving predictions of 
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“This difficulty having been in great measure overcome, I am now enabled to contribute a 
little information to our knowledge of this interesting group of animals.”  
 
                – G. M. Thomson, F.L.S., On the New Zealand Copepoda 





















Chapter 1: General introduction 
1.1 Diversity and distributions of zooplankton 
Marine zooplankton are a taxonomically diverse group related by their shared inability to swim 
relative to the strength of ocean currents. Unicellular phagotrophic protists are the smallest 
zooplankton (microzooplankton) and range between 0.02-0.2 mm in size (Calbet 2008). 
Mesozooplankton and macrozooplankton (>0.2 mm) are also further classified by size, but there 
is overlap in classification definitions in the literature (e.g., Sieburth et al. 1978; Moriarty et al. 
2013). Zooplankton investigated in this thesis range from small crustaceans (<1 mm) to larger 
salps and chaetognaths (>30 mm), and are collectively referred to here as mesozooplankton. 
Common mesozooplankton in the Southern Ocean include copepods, ostracods, cladocerans, 
amphipods, euphausiids, cnidarians, ctenophores, molluscs, chaetognaths, appendicularians, 
echinoderms, and thaliaceans.  Members of some of these taxa are “holoplankton” (e.g., 
copepods), meaning they remain zooplankton throughout all life stages. Other taxa include 
“meroplankton” (e.g., echinoderms), which are only members of the zooplankton during larval 
life stages and eventually retreat from the water column to settle on the benthos. Other 
meroplankton, such as larval fish, are also part of zooplankton communities until they grow large 
enough to swim. Groups such as molluscs include both holoplanktonic (pteropods) and 
meroplanktonic groups (veliger larvae). Altogether, the marine zooplankton include tens of 
thousands of species spanning a size range of six orders of magnitude (Lenz 2000).  
The geographic range of zooplankton spans the globe. Zooplankton are present in waters from 
the poles to the equator and from the coasts to the open ocean (Everett et al. 2017). Surface 
waters (0-200 m) and the mesopelagic (200-1000 m) are the primary habitat of zooplankton 
(Lenz 2000). This depth range serves as the bounds of vast vertical migration patterns of many 
zooplankton, including euphausiids, copepods, and salps (Hays 2003). Their ubiquitous presence 





in great abundances around the world reflects the scale of their important contributions to the 
functioning of marine ecosystems and global nutrient and carbon cycles.  
1.2 Role of zooplankton in oceanic processes 
1.2.1 Food webs and trophic transfer 
In marine food webs, mesozooplankton consume phytoplankton and microzooplankton and 
serve as key prey items for a diverse range of animals including fish (e.g., Fraser et al. 1989), birds 
(e.g., Borgå et al. 2003), and mammals (e.g., Kann and Wishner 1995). In this way, zooplankton 
are critical links for nutrients, organic matter, and energy between phytoplankton, 
bacterioplankton, and higher trophic levels. The nature of trophic interactions and processes 
among primary producers, primary consumers, and secondary consumers within the plankton 
food web set the foundation for organic matter and energy flows throughout entire ecosystems 
(Calbet and Landry 1999; Calbet 2008; Steinberg and Landry 2017; Wing et al. 2017).  
Copepod grazing can have significant top-down influence on phytoplankton abundance and 
community composition (Bergquist et al. 1985; Graneli et al. 1993; Fuchs and Franks 2010), 
which can vary seasonally (Tanimura et al. 2008) and impact nutrient cycling (Sailley et al. 2014; 
Meunier et al. 2015). Furthermore, the body composition of copepods is rich in carbon and 
nitrogen, making copepods a nutritious food source for many animals (Kiørboe 2013). Because 
zooplankton are primary and secondary consumers of phytoplankton, many zooplankton, 
including copepods, also act as ecosystem conduits for important nutrients, such as essential fatty 
acids (see Box 1), that are only produced by autotrophs (Parrish 2009). 
Gelatinous mesozooplankton in particular have been relatively understudied, but our 
understanding of the role of these animals in marine ecosystems is rapidly evolving (Henschke et 
al. 2016; Hays et al. 2018). For example, salps have traditionally been considered trophic dead-





ends (Verity and Smetacek 1996), but are now known to be important live prey for a number of 
marine taxa such as fish, seabirds, and turtles (Henschke et al. 2016; Cavallo et al. 2018), and, as 
sinking carcasses, important sources of food for benthic organisms (Henschke et al. 2013). 
Furthermore, salps exert significant grazing pressure on phytoplankton, especially during bloom 
events where they can occupy a 100,000 km2 area of ocean (Madin et al. 2006) at densities of 











Box 1. Trophic transfer of fatty acids in marine food webs 
 
Fatty acids are important nutrients that maintain proper physiological functioning in marine organisms. Different 
types of fatty acids are characterised by their molecular structures, specifically the number of carbon-carbon 
double bonds in the hydrocarbon chain tail, which are exemplified below.  
 
Saturated fatty acids (no double bonds, SFA) have the highest caloric content and are primarily used for energy 
storage, but are also important structural components of biological membranes. 
 
  (e.g., Palmitic acid, C16:0) 
 
 
Fatty acids that contain a single double bond are termed monounsaturated fatty acids (MUFA), and play roles in 
reproduction and membrane stability (ref).  
 
 (e.g., Oleic acid, C18:1n-9) 
 
 
Fatty acids that contain multiple carbon-carbon double bonds (polyunsaturated fatty acids, or PUFA) are required 
by all animals for physiological processes such as growth, reproduction, neurological function, membrane fluidity, 
and immune responses.  
 
 (e.g., Linoleic acid, C18:2n-6) 
 
 
Because fatty acids share the same molecular backbone structure, many animals can synthesize different types 
of SFA and MUFA from precursor fatty acids using saturase and de-saturase enzymes. In the oceans, however, 
PUFA are almost exclusively synthesized by phytoplankton because animals lack the necessary enzymes for 
complete de-novo synthesis of fatty acids with multiple double bonds. Animals therefore rely on the process of 
trophic transfer to obtain and distribute PUFA throughout food webs. 
 
The ecosystem-wide efficiency of PUFA trophic transfer can therefore be largely influenced by the initial transfer 
between PUFA primary producers (the phytoplankton) and PUFA primary consumers (the zooplankton), which 
sets the stage for the quantity and quality of PUFA ultimately available for higher trophic levels. 
 
(Brett & Muller-Navara 1997, Parrish 2009) 





Zooplankton feeding rates and feeding modes can influence the strength, efficiency, and direction 
of energy flow within food webs (Steinberg and Landry 2017). Because these feeding traits vary 
among species and body size, the size structure and taxonomic composition of zooplankton 
communities shape community trophic structure and drive energy flow in ecosystems (Havens 
1998; Cyr and Curtis 1999). Feeding rates are also strongly affected by environmental conditions, 
including temperature (Durbin and Durbin 1992; Garrido et al. 2013; Schmoker et al. 2013; 
Aberle et al. 2015) and prey community characteristics (Mauchline 1998; Mitra and Flynn 2006). 
Many microzooplankton are mixotrophs that rely on both autotrophy and phagotrophy (Stoecker 
et al. 2017). Some mesozooplankton, including copepods, are omnivores that use both 
phytoplankton and microzooplankton food sources (Atkinson 1995; Zeldis et al. 2002; Stevens et 
al. 2004; Chen et al. 2013; York et al. 2014; Zeldis and Décima 2020). Trophic complexities within 
the zooplankton community challenge our attempts to fully understand plankton trophic 
structure at any given space or time. However, in the field of marine trophic ecology, we continue 
to strive towards understanding the plasticity of zooplankton feeding in the effort to resolve the 
trophic structure and energy flow of the broader marine food web. Understanding plasticity in 
feeding is particularly important because zooplankton trophic pathways have significant 
implications for large-scale carbon flux and energy budgets in the global ocean (Steinberg and 



















1.2.2 Biogeochemical cycling 
Due to the ubiquitous presence and high abundances of zooplankton, the dynamics of 
zooplankton communities are important drivers of element recycling and fluxes in the oceans. 
The nature of the role of zooplankton in these processes varies spatially and temporally and is 
influenced by community characteristics of zooplankton assemblages.  
The role of zooplankton  in the biological pump (i.e. biologically-mediated transport of organic 
matter to ocean depths) is multifaceted. Zooplankton contribute to the active transport of 
elements when they vertically migrate between the epi- and mesopelagic zones of the ocean 
Box 2. Zooplankton trophic pathways and carbon flux 
 
The most efficient transfer of primary production is the direct consumption by mesozooplankton, such as 
copepods. This direct phytoplankton-mesozooplankton link had been the main trophic connection in the 
traditional ‘food-chain’ schematic of plankton food webs. Based on recent estimates of global carbon flux, the 
direct link between phytoplankton and copepods accounts for the transfer of 19-35% of total primary production 
in the oceans (Steinberg and Landry 2017).  
 
The remaining ~66% of primary production is routed through microzooplankton grazing, which is considered the 
main source of grazing loss for phytoplankton production in both oligotrophic and productive nearshore systems 
(Calbet 2008).  
 
If the next step to reach mesozooplankton consists of a single microzooplankton link, then an estimated 23% of 
primary production would reach mesozooplankton. However, the addition of just one more microzooplankton link 
reduces energy flux to mesozooplankton to just 7% (Steinberg and Landry 2017).  
 
Other processes such as bacterial consumption, respiration, and corprophagy (consumption of faecal pellets) 




Figure 1.1 Estimated zooplankton-mediated carbon flux within the plankton food web. Figure adapted from 









(Hays 2003). In these daily movements, zooplankton ingest organic matter in surface waters at 
night, then retreat to depths during the day where that ingested carbon is released through 
respiration, excretion, or faecal pellet egestion (Steinberg and Landry 2017). The zooplankton-
mediated active component of the biological pump is thought to be comparable to that of the 
passive flux of carbon to depths, transported by zooplankton-derived sinking particles such as 
faecal pellets and carcasses (Steinberg and Landry 2017). In particular, salp faecal pellets  export 
significant amounts of carbon to depths due to their large size, density, sinking rates, and the fact 
that they are often released in high numbers during bloom events (Bruland and Silver 1981; 
Perissinotto and Pakhomov 1998; Phillips et al. 2009; Manno et al. 2015). The importance of 
carbon export mediated by crustacean, chaetognath, and pteropod faecal pellets has also been 
recognized (Turner and Ferrante 1979; Turner 2002). Heavy salp carcasses also sink quickly in 
“jelly falls” (Henschke et al. 2013; Smith et al. 2014), and together with carcasses of smaller 
zooplankton (Zhang and Dam 1997; Al-Mutairi and Landry 2001), contribute significantly to the 
organic matter exported to the deep sea. 
Faecal pellets produced by zooplankton also provide substrate for nutrient remineralisation by 
bacteria and can be important drivers of the microbial loop (Turner 2002). In surface waters, 
zooplankton faecal pellets can be degraded by microzooplankton and copepods, which promotes 
the recycling and retention of some faecal carbon in the epipelagic (Svensen and Kiørboe 2000; 
Poulsen and Iversen 2008). As part of a positive feedback system, zooplankton grazers also 
excrete  dissolved metabolites that stimulate primary production by phytoplankton (Lehette et 
al. 2012; Coello-Camba et al. 2017), which in turn fuels secondary production (Atkinson et al. 
1996).  
1.3 Responses of zooplankton to climate change 
Since the Industrial Revolution, cumulatively over 2000 gigatons of carbon dioxide (CO2) have 
been released into the atmosphere from anthropogenic sources such as fossil fuel combustion 





and cement production (IPCC 2014). These human activities have driven a rapid increase of 
atmospheric CO2 concentrations from preindustrial levels of 280 ppm to present-day levels of 
over 400 ppm in just 200 years (Fig 1.2), a rate of change not previously seen in Earth’s geologic 
history (Siegenthaler et al. 2005; IPCC 2014). 
 
Figure 1.2 Global atmospheric CO2 concentrations (pink, left-hand axis) and annual emissions (blue, right-hand 
axis) from the Industrial Revolution to the present. Figure adapted from climate.gov and original graph by Dr. 
Howard Diamond (NOAA ARL). Atmospheric CO2 data from NOAA and ETHZ. Emissions data from Our World in 
Data and the Global Carbon Project. Sourced from https://www.climate.gov/news-features/understanding-climate/climate-
change-atmospheric-carbon-dioxide 
1.3.1 Ocean warming  
The thickening layer of CO2 from increased anthropogenic emissions continues to trap heat and 
warm the Earth’s surface, amplifying the natural greenhouse effect (Lacis et al. 2010). Much of 
this heat energy is absorbed by the oceans, and Earth System Models under the Representative 
Concentration Pathway (RCP) 8.5 scenario predict sea surface temperature will have increased 
2.6 °C by the end of the century (Fig 1.3A) (IPCC 2014). Because temperature is of fundamental 
importance for biological function, marine life will be affected by ocean warming in a number of 
ways. 






Figure 1.3 Predicted change from the 21st to the 22nd century  in  A) surface temperature, and B) surface ocean 
pH based on scenarios RCP2.6 (left) and RCP8.5 (right). Figure adapted from IPCC (2014). 
 
Physiologically, metabolic theory dictates that warmer temperatures increase metabolic 
functions in poikilothermic animals (Brown et al. 2004), such as those included in the 
zooplankton. For example, laboratory studies have reported increased rates of grazing (Aberle et 
al. 2007; Garrido et al. 2013), gut clearance (Kiørboe et al. 1982), respiration (Zervoudaki et al. 
2014; Lehette et al. 2016), and development (Hirst et al. 2003) in zooplankton when exposed to 
higher temperatures. Nevertheless, metabolic responses to temperature are variable (e.g., Durbin 
and Durbin 1992) and complicated by other factors such as chlorophyll concentration (B. Chen et 
al. 2012). Warmer temperatures can also induce shifts in the molecular structure of lipid 
membranes to maintain proper levels of membrane fluidity (Pruitt 1990), resulting in altered 
fatty acid compositions of  zooplankton tissues (Farkas 1979; Schlechtriem et al. 2006; Garzke et 
al. 2016; Garzke et al. 2017).  





Zooplankton assemblages have already exhibited shifts in distribution, phenology, abundance, 
and community structure in response to warming seas (reviewed by Richardson 2008). In the 
Northern Hemisphere for example, pole-ward shifts observed in geographic ranges of copepods 
Temora stylifera and Centropages chierchiae near the Iberian Peninsula (Lindley and Daykin 
2005) and Calanus finmarchicus in the North Sea (Beaugrand et al. 2002) have been attributed to 
warming, and have been associated with significant changes in regional food webs over the past 
several decades (Beaugrand and Reid 2003). Warmer temperatures have induced premature 
zooplankton biomass peaks (Mackas et al. 1998; Goldblatt et al. 1999; Edwards and Richardson 
2004; Mackas et al. 2012), resulting in a temporal asynchrony between predator and prey 
populations that can impact higher trophic levels (Fortier et al. 1995; Edwards and Richardson 
2004). Increased temperatures have also been associated with increases in gelatinous 
zooplankton such as salps (Atkinson et al. 2004) and jellyfish (Purcell 2005). 
1.3.2 Ocean acidification 
The oceans have absorbed an estimated 30% of anthropogenic CO2 emissions, thus serving as an 
important carbon sink that has so far somewhat mediated the extent of climate change (Sabine et 
al. 2004). Consequently however, the dissolution of atmospheric CO2 in the oceans has caused a 
0.1-unit decrease in surface ocean pH (Sabine et al. 2004; IPCC 2014). This process, through 
which atmospheric CO2 alters seawater carbonate chemistry and lowers seawater pH, is called 
ocean acidification (OA) (Doney et al. 2009) (see Box 3). Earth System Models predict a further 
decrease in average surface ocean pH of 0.30-0.32 units by year 2100 under the RCP8.5 scenario 
(Fig 1.3B) as increased CO2 emissions continue to drive OA (IPCC 2014). Such changes in the 
chemical properties of seawater have considerable biological ramifications. 
Calcifying zooplankton including thecosome pteropods, some crustaceans, and meroplanktonic 
larval echinoderms and bivalves will likely struggle to maintain calcium carbonate structures and 
face various ontogenetic challenges due to the dissolution susceptibility of calcium carbonate 





(calcite and aragonite) under OA conditions (Orr et al. 2005; Fabry et al. 2008; Kurihara 2008). 
As seawater pH decreases, physiological processes such as acid-base regulation and associated 
metabolic or energy budget mechanisms may also be affected (Fabry et al. 2008). For example, 
copepods have shown increased respiration and feeding rates (Li and Gao 2012) and metabolic 
costs (Thor et al. 2016) under experimental OA conditions predicted for the end of the century. 
Studies have also shown that factors such as food availability (Li and Gao 2012; Pedersen et al. 
2014; Mayor et al. 2015), transgenerational effects (Pedersen et al. 2014; Thor and Dupont 2015), 
and interactive effects of combined stressors (Vehmaa et al. 2013; Hildebrandt et al. 2014; Garzke 
et al. 2016) all influence copepods’ response to OA. A recent review by Wang et al. (2018) 
summarized that physiological effects of OA on copepods are complex and vary among species, 
developmental stage, and geographic region. Physiological effects of OA on other zooplankton 
taxa are not well understood, especially regarding gelatinous animals, but these effects as they 
pertain to growth, development, reproduction, feeding, and survival will likely also be complex, 
variable, and species-specific. 
Effects of OA on zooplankton at the ecological level are difficult to predict due to variability in 
species-specific responses, direct and indirect effects, and how organisms respond to OA in 
combination with other stressors. For example, some laboratory studies have suggested 
copepods are largely resilient to decreased pH when directly exposed (Kurihara et al. 2004; 
Kurihara and Ishimatsu 2008; Pedersen et al. 2013; Mayor et al. 2015), but may be indirectly 
affected by OA-induced changes in the quality of their food (Rossoll et al. 2012; Meyers et al. 
2019). Furthermore, most OA studies have been conducted using decreased pH as a single 
stressor to predict an organisms response to future ocean conditions. However, OA is likely to 
affect organisms concurrently with other stressors such as warming, and the result of these 
combined stressors on the response of an organism to OA will likely be variable and complex 
(Harvey et al. 2013). In addition, mesocosm experiments aimed at better understanding 
ecosystem-wide effects of OA have shown increased zooplankton abundance under OA, likely 





driven by indirect effects of primary production (Algueró-Muñiz et al. 2017; Taucher et al. 2017), 
while other experiments show no effect of high CO2 on zooplankton communities (Riebesell et al. 
2013; Rossoll et al. 2013). 
 
 
Box 3. The chemistry of ocean acidification 
 
The dissolution of atmospheric carbon dioxide (CO2) into surface waters of the ocean (H20) forms carbonic acid 
(H2CO3). Carbonic acid then immediately dissociates into hydrogen ions (H+) and bicarbonate ions (HCO3-). 
Bicarbonate ions then further dissociate into carbonate ions (CO32-). The increase in hydrogen ions from these 
chemical reactions increases the acidity (decreases pH) of seawater. The associated shift in the balance of the 
marine carbonate system visualized in Fig 1.4 is described by the following equation: 
 
 
𝐶𝑂2(𝑎𝑡𝑚) ↔ 𝐶𝑂2(𝑎𝑞) + 𝐻20 ↔ 𝐻2𝐶𝑂3 ↔ 𝐻
+ + 𝐻𝐶𝑂3











1 Atmospheric carbon dioxide (CO2) 
dissolves in seawater
2 Carbon dioxide reacts with 
seawater (H2O) to form carbonic 
acid (H2CO3). 3 Carbonic acid dissociates 
into hydrogen ions (H+) and 
bicarbonate ions (HCO3
-), 
which further dissociates into 
hydrogen ions and carbonate 
ions (CO3
2-).
4 The additional hydrogen ions lower 
seawater pH. Some hydrogen ions 
react with carbonate ions to produce 
more bicarbonate. This reduces the 
amount of carbonate ions available for 












1.4 The need for zooplankton climate change research in New 
Zealand 
Our current understanding is limited regarding how zooplankton communities and their 
associated ecological functions will respond to likely future ocean warming and acidification. Of 
the studies that have been conducted on this topic, some of which are referenced above, most 
have focused on systems in the Northern Hemisphere. For example, only eight out of 38 long-term 
zooplankton time series listed in Perry et al. (2004) and compared in Mackas and Beaugrand 
(2010) are based south of the equator, and none are based in New Zealand. Yet it is clear that 
consistent data on zooplankton biogeography is critical for identifying climate-induced 
geographic shifts in zooplankton that affect broader ecosystem dynamics, such as those 
discovered for copepod species via the 60+ year data set from Continuous Plankton Recorder 
surveys of the North Atlantic (e.g., Beaugrand et al. 2002).  
New Zealand governs a marine environment that is over 20 times larger than its terrestrial 
landmass (Statistics New Zealand 2002). These waters support marine life that is of cultural, 
economic, and ecological importance (Macdiarmid et al. 2012; Ministry for the Environment and 
Statistics New Zeland 2016), and its health and productivity is underpinned by zooplankton-
mediated lower food web processes such as grazing and trophic transfer. New Zealand waters are 
expected to be directly impacted by ocean warming and acidification (Willis et al. 2007; 
Macdiarmid et al. 2012; Law et al. 2017), and have already seen unprecedented marine heatwave 
events in recent years (Salinger et al. 2019).  
In addition, complex boundary current regions, including that of the Southland Current, are 
predicted to experience increased flow and warmer temperatures in the future (Shears & Bowen 
2017). In particular, increased wind stresses observed over the past 50 years in the South Pacific 
Tropical Gyre was associated with increased warm water flow into the Tasman Sea, and 
subsequent tropicalisation of regions  influenced by the East Australian Current (Ridgeway 2007; 





Shears & Bowen 2017). These shifts  were also associated with increased temperature and flow 
of the Southland Current around the southern tip of New Zealand (Shears & Bowen 2017). The 
continuation of these linked patters are expected to be a potential mechanism of sustained 
warming in southern New Zealand waters, though due to differences in seasonal variability, the 
tropicalisation patterns seen in the East Australian Current may not be universal (Shears & 
Bowen 2017). 
Because evidence suggests biological responses to environmental stressors are likely to be 
region- and species-specific, investigations of the role of zooplankton in New Zealand waters 
within the context of climate change are warranted. Improving our understanding of present day 
and predicted future zooplankton dynamics in New Zealand marine systems will contribute to 
both local and global understanding of climate change effects on marine biota. 
1.5 Thesis outline 
The overarching aim of this thesis was to investigate dynamics of marine zooplankton 
communities in New Zealand waters in the context of climate change stressors. One focus of this 
aim was to characterise the spatial and temporal distributions of zooplankton communities that 
inhabit water masses found off the south-eastern coast of New Zealand during a marine heatwave 
event and discuss the implications of these community distributions for the marine food web and 
associated biogeochemical processes. A second focus of this aim was to investigate the responses 
of two important zooplankton-mediated processes within marine food webs – grazing behaviour 
and the trophic transfer of fatty acids – to the combined climate stressors of ocean warming and 
acidification, which are predicted to pose threats to marine ecosystems. Accordingly, the 
following chapters are organized as outlined below.  
Chapter 2 describes water mass and seasonal associations of zooplankton community structures 
and compositions off the south eastern coast of New Zealand. From one year of sampling, I 





identified and quantified over a dozen zooplankton taxa present across the Munida Transect, 
which covers a dynamic region of coastal, modified subtropical, and subantarctic surface waters. 
I explore the implications of these novel data from the perspective of zooplankton-mediated 
ecological functions such as trophic transfer and biogeochemical cycles, and discuss their 
importance in improving the ability to predict and recognize future ecosystem changes in the 
Munida region.  
Chapter 3 investigates the responses of copepod grazing behaviour to combined warming and 
acidification conditions. As part of the third CARIM (Coastal Acidification: Rates, Impacts, and 
Management) Mesocosm Experiment (ME3) in 2017, I employed traditional and modern growth 
rate-based copepod incubation methods, including the dilution method with applied 
microzooplankton grazing corrective formulas, to estimate copepod prey ingestion and 
selectivity under present-day and future (Year 2100) ocean temperature and pH. I discuss 
evidence in my results for planktonic trophic pathway shifts in future coastal environments.  
Chapter 4 is a follow-up investigation to Chapter 3. One year later as part of the fourth CARIM 
Mesocosm Experiment (ME4) in 2018, I used the same methodological approach to investigate 
copepod grazing behaviour under single and combined stressor conditions to tease apart the 
interactive effects of warming and acidification on zooplankton trophic dynamics. I compare 
results to those of Chapter 3 and discuss broader implications for effects of combined climate 
stressors on zooplankton trophic structure. 
Chapter 5 is a concurrent investigation with Chapter 4 that investigates the interactive effect of 
ocean warming and acidification on the fatty acid composition of and trophic transfer within a 
natural plankton community during CARIM ME4. Fatty acids from zooplankton and their diet 
were analysed after a 20-day incubation in predicted future ocean conditions. I discuss changes 





in the essential nutrient content of planktonic organisms as a potential driver of future coastal 
ecosystem function.  
Chapter 6 summarizes and synthesizes results from the previous four chapters to provide insight 
to the current state and potential changes in future zooplankton distributions and trophic roles 
in New Zealand marine ecosystems. I also discuss methodological considerations of the present 
study and note topics that warrant further investigation in the field of zooplankton ecology.  
1.6 Author contributions 
The work of the present thesis is my own. However, much of the work was made possible through 
collaborations with other scientists, whose contributions are summarized in Table 1.1. Additional 
co-authors listed for Chapters 3-5 are included for provision of additional support during the 
CARIM mesocosm experiments, ME3 and ME4, including mesocosm bag design, maintenance, and 
collection of ancillary data. Karen Robinson from NIWA Christchurch is acknowledged for 
counting and identifying ME3 and ME4 zooplankton abundance samples, data from which are 
presented in Chapters 3 and 5. 
Table 1.1 Summary of major author contributions to each chapter (MTM = Morgan T. Meyers, MD = Moira Décima, 
LJH = Linn J. Hoffmann, SW = Stephen Wing, KC = Kim Currie, RS = Robert Smith, CL = Cliff Law, QL = Qingshan 
Luan, MM = Matt Miller, AS = Amandine Sabadel). 
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Chapter 2: Mesozooplankton community associations with 
water mass and season off the southeast coast of New 
Zealand (2017-2018) 
2.1 Abstract 
In marine food webs, mesozooplankton drive the quality and quantity of energy transferred from 
primary producers to higher trophic levels in pelagic systems. However, our limited knowledge 
of when and where different zooplankton populations occur in waters off the Otago coast restricts 
our ability to link the physical environment to the impact of their ecological roles, which is crucial 
for predicting and recognizing ecosystem shifts induced by future environmental changes. This 
study investigated how mesozooplankton communities associated with water mass and season 
along the Munida Transect, a 65-km oceanographic transect spanning three distinct water masses 
off the Otago coast. Surface mesozooplankton (<200 m depth) were collected at each of the eight 
Munida stations every two months from November 2017 to September 2018 (a study period 
which coincided with an unprecedented summer marine heatwave event), and samples were 
analysed for species abundance and diversity. Mesozooplankton biomass differed significantly 
among seasons, but not among water masses. Multivariate analyses revealed significant 
associations of mesozooplankton communities between neritic, subtropical, and subantarctic 
waters that were characterised by seasonal community shifts involving copepods, pelagic 
tunicates, chaetognaths, and thecosome pteropods. These results provide the first look at 
zooplankton distribution in this region in 40 years, and highlight the importance of monitoring 
zooplankton as we aim to better understand the future of pelagic ecosystem dynamics in this 
region. 






Mesozooplankton (zooplankton between 0.2-20 mm) provide vital linkages in pelagic food webs 
and in doing so strongly influence biogeochemical cycling in the open ocean. Because 
mesozooplankton communities can be taxonomically and functionally diverse, community 
composition determines trophic relationships and ecological function.  
Oceanographic characteristics of water masses such as currents, temperature, pCO2, nutrient 
availability, and primary production from phytoplankton can influence mesozooplankton 
communities from the bottom-up in direct and indirect ways (Mackas et al. 2001; Vidjak et al. 
2012; Pepin et al. 2015) and are subject to change as increased atmospheric CO2 drives changes 
in the earth’s climate (Doney et al. 2014). For example, patterns of currents and tidal flows can 
determine the distribution of drifter assemblages (Voronina 1968; Chiba et al. 2009; Bi et al. 
2011). Temperature changes including marine heatwave events can directly influence 
assemblages via taxonomic differences in phenology (Mackas et al. 2012) and metabolic 
thresholds (Alcaraz et al. 2014), which can lead to seasonal (Chen and Folt 2002; Mackas et al. 
2012) and geographical (Chiba et al. 2015; Pepin et al. 2015) variations in mesozooplankton 
community composition.  pCO2 levels can indicate biological activity and plankton dynamics (Six 
and Maier-Reimer 1996), and ocean acidification conditions resulting from increased pCO2 in 
seawater (Doney et al. 2009) can affect mesozooplankton directly through altering metabolism 
and energy allocation, growth, reproduction, and calcification (e.g., Mayor et al. 2007; Pedersen 
et al. 2014; Mayor et al. 2015; Spilling et al. 2016; Trull et al. 2018). Primary production sets the 
primary limits on consumer biomass and can quickly stimulate rapid growth responses in 
mesozooplankton during bloom periods (Atkinson 1996; Nogueira et al. 2012). pCO2, nutrients, 
and temperature can indirectly influence mesozooplankton communities through limiting the 
quality or quantity of primary production they depend upon (Hessen 1992; Atkinson 1996; 
Rossoll et al. 2012; Galloway and Winder 2015; Kim et al. 2018; Viviani et al. 2018). In addition, 





predation is a top-down driver that can also influence zooplankton community structure (Gliwicz 
and Pijanowska 1989). 
Off the Otago coast (south-eastern New Zealand) three distinct water masses with unique 
oceanographic properties are located within 65 km of shore (Fig 2.1). Near-shore neritic water is 
most influenced by coastal processes and characteristics including nutrient runoff and fresh 
riverine input, which causes variable temperatures and low salinities (Jillett 1969). The neritic 
zone typically extends across a majority of the shelf to depths not more than 70 m (Jillett 1969).  
 
Figure 2.1 Map of New Zealand showing the Subtropical Frontal Zone (STFZ) as part of the Southland Front 
forming the boundary between subtropical waters and subantarctic waters east of New Zealand. Boxed area shows 
the region of the Munida Transect. Image adapted from Jones et al. (2003). 
 
A narrow band of Tasman Sea-influenced subtropical water can be seen at the surface, seaward 
of the coastal neritic waters, and flows northward as part of the Southland Current (Brodie 1960; 
Sutton 2003). This modified subtropical water often intrudes westward over the outer shelf and 





upper slope, and is characterised by being warmer and more saline with phytoplankton 
productivity limited by concentrations of nitrate and phosphate (Hawke 1989; Vincent et al. 
1991; Butler and Mackey 1992; Hawke and Hunter 1992). Farther offshore, these modified 
subtropical waters converge with colder, fresher, iron-limited subantarctic surface waters from 
the south (Jillett 1969), which also flow north as part of the Southland Current (Sutton 2003). The 
convergence of these two water masses creates a distinct nutrient-rich, biologically productive 
frontal zone (Jones et al. 2013), known locally as the Southland Front (Sutton 2003; Hopkins et 
al. 2010).  
Around the same time this complex hydrology was first described, Jillett (1976) also provided 
one of the first biological reports for the region. Jillett sampled mesozooplankton along a transect 
spanning neritic, subtropical, and subantarctic waters, and found that they could be divided first 
into “neritic” and “oceanic” groups, and then into the subgroups “coastal”, “shelf”, “transitional” 
and “subantarctic”. The observed pattern in community structure clearly demonstrated that 
different mesozooplankton had different affinities for the three primary water masses (Jillett 
1976). In 1998, Jillett’s transect was adopted as the Munida Transect for the establishment of the 
Munida Oceanographic Time Series. Since its founding, the Munida time series has primarily been 
used for collection of oceanographic data in an effort to characterise air-sea CO2 flux in 
subantarctic surface waters (Currie et al. 2011). Our current biological understanding of the 
Munida region is improving, but still limited. Since Jillett’s study, there have only been a handful 
of biological studies along the transect, and most have focused on microbial communities (Baltar 
et al. 2015; Morales et al. 2018; Allen 2019). There have been other more recent studies on 
mesozooplankton off the Otago coast, but most study sites did not extend beyond shelf waters 
(Murdoch 1989; Takagaki 2016; Borra et al. in review). 
In recent years, we have observed spikes in the number of global marine heatwaves in New 
Zealand (Oliver et al. 2018; Salinger et al. 2019) and climate-related shifts in the Eastern 





Australian Current in the Tasman Sea (Ridgway 2007). Waters off the east coast of New Zealand, 
including our study area, recently were subjected to an unprecedented summer marine heatwave 
event (Salinger et al. 2019). Climate events such as these significantly alter entire marine 
ecosystems (Wernberg et al. 2013; Fowler et al. 2018; Arafeh-Dalmau et al. 2019). For example, 
during the Tasman Sea heatwave of 2015/2016, significant shifts in coastal zooplankton 
communities were found, specifically a peak biomass that was both delayed and lower than the 
peak biomass in previous non-heatwave years and smaller body sizes in many dominant 
zooplankters such as the copepod Temora turbinata (Evans et al. 2020). As more frequent and 
extreme heatwave events impact the dynamic hydrology of the Munida region, mesozooplankton 
communities will be key to understanding how waters off the Otago coast will be affected.  
Now forty years after the first zooplankton study on the Munida Transect (Jillett 1976), the 
present study returns attention to mesozooplankton ecology to better understand the current 
relationships between mesozooplankton and water masses in this region under a changing 
hydrographic regime. Here, the first mesozooplankton community water mass associations along 
the Munida transect of the 21st century are reported from a study period that included an extreme 
summer marine heatwave event. Spatial patterns of neritic, subtropical, and subantarctic waters 
were predicted to largely explain the variability in zooplankton community compositions along 
the Munida Transect, as was found in Jillett (1976).  
The present study describes present-day mesozooplankton community distribution along the 
transect and compositional associations with water mass and season, and comparisons with 
previous zooplankton studies in the region are explored. Results from the present study improve 
our current understanding of ecosystem dynamics in waters off the Otago coast and provide a 
baseline to better predict future shifts in zooplankton-driven ecological function under a 
changing Southland current system.  






2.3.1 Study area and duration 
Mesozooplankton samples were collected at eight stations along the Munida Transect (Fig 2.2), a 
longitudinal transect off the south-eastern coast of New Zealand traverses neritic, modified 
subtropical, frontal, and subantarctic surface waters. The transect starts from Taiaroa Head, New 
Zealand (-45.78 S, 170.91 E) and ends 60 km offshore (-45.83 S, 171.54 E). Samples for the 
present study were taken every two months aboard the RV Polaris II (University of Otago) on the 
following dates:  
28 November 2017 
30 January 2018 
26 March 2018 
17 May 2018 
13 July 2018 







Figure 2.2 Locations of the eight sampling stations on the Munida Transect off the coast of the Otago Peninsula, 
New Zealand. Colour scale shows region bathymetry. 
 





2.3.2 Oceanographic data collection 
Sea surface temperature and salinity were recorded continuously along the transect. Surface 
temperature was measured using a SBE38 instrument near the RV Polaris II hull intake. 
Temperature data was then interfaced with a Sea Bird SBE45 thermosalinograph (Sea-Bird 
Scientific, Bellevue, WA, USA) for surface salinity and GPS position. Surface temperature and 
salinity recorded for each sampling station were the data averages from the SBE38 and SBE45 
from the time we arrived until the time we left each station. Station-specific Chl-a concentrations 
were determined by linearly interpolating the gridded monthly mean of remotely sensed Chl-a 
data to the positions of each station (NOAA CoastWatch/OceanWatch, dataset: NOAA MSL 12 
Ocean Colour – Science Quality – VIIS SNPP https://coastwatch.noaa.gov/cw/satellite-data-
products/ocean-colour/science-quality/viirs-snpp.html). Methods used for pCO2 analysis are as 
described in Currie et al. (2011). Surface temperature and Chl-a maps were created using the 
National Oceanic and Atmospheric Administration’s ERDDAP server Version 2.02 
(https://coastwatch.pfeg.noaa.gov/erddap/index.html) and the server’s griddap function using 
remotely sensed data. Mapped temperature data came from the dataset Global SST & Sea Ice 
Analysis, L4 OSTIA, UK Met Office, Global, 0.05°, Daily, 2013-present (dataset ID: 
jplUKMO_OSTIAv20). Mapped satellite Chl-a data came from the dataset Chl-a, Aqua MODIS, NPP, 
L3SMI, Global, 4km, Science Quality, 2003-present (Monthly Composite) (dataset ID: 
erdMH1chlamday). 
2.3.3 Water mass identification 
The different water masses were identified based on temperature and salinity characteristics 
presented in Table 2.1, modified from Jillett (1969). Principal  component analysis of temperature 
and salinity was also carried out to visualize the appropriateness of the manual characterizations. 





Table 2.1 Seasonal salinity and temperature thresholds for neritic, subtropical, and subantarctic water masses 
found off the Otago coast. Modified from Jillett (1969). 
 
2.3.4 Mesozooplankton collection 
At each station, mesozooplankton were collected from a single vertical tow (50-200 m depending 
on bottom depth) using a Working Party 2 (WP2) plankton net (200 μm mesh, 700 mm diameter) 
aboard the RV Polaris II (Fig 2.3A). Samples were immediately preserved in 5% formalin buffered 
with sodium tetraborate and returned to the laboratory for analysis (Fig 2.3B). Volume of water 





where V is the volume filtered (m3), L is the length of the water column sampled (number of flow 
meter revolutions), F is the flow meter calibration factor (revolutions/m), and A is the net mouth 
area (m). Missing or outlier flow meter readings were rectified by estimating V based on the 
relationship between tow depth (D) and V from our samples described by: 






Winter < 34.5 > 34.5 < 34.5
Summer < 34.6 > 34.6 < 34.6
Winter < 10.0 > 9.5 < 9.5










Figure 2.3 Mesozooplankton sample collection aboard RV Polaris II using a WP2 net (A), and a macroscopic view 
of preserved mesozooplankton samples from each of eight stations from a single sampling trip (B). 
 
2.3.5 Sample processing and biomass calculations 
For each sample, large and rare mesozooplankton >5mm (if present) were identified and counted 
first for the whole sample. Remaining mesozooplankton were then re-suspended in water 
(“reference sample”) and subsampled (10 mL) using a Stempel pipette after thorough, careful, 
and random mixing (McCallum 1979). Mesozooplankton in the subsample were then identified 
and counted using a Borgorov counting chamber under a dissecting microscope (Nikon, 15x total 
magnification). Every individual in a subsample was counted, and subsamples were repeatedly 
taken from the reference sample until at least 50 individuals of the most common general group 
taxon were counted. For most samples, at least 100 individuals of the most common general 
group taxon were counted. For zooplankton samples, it is recognized that counting more than 
100 individuals of taxon does not yield increased precision (Cassie 1971; Frontier 1972; Alden et 
al. 1982), and that counting 40-50 individuals is sufficient (Alden et al. 1982). Average lengths of 
each mesozooplankton taxon were measured for each sample using an ocular scale and later 
converted to millimetres. Biomass estimates were then derived using known length to weight and 
length to carbon regressions for each taxon (Table 2.2). Average biomass values are the average 





amongst all samples within the same month and water mass. The sample sizes for each month 
(i.e. sampling date) and water mass are shown in Supplementary Table A1. 
Table 2.2 Length-weight and length-carbon (C) regression functions for mesozooplankton taxa used in the present 





Copepod Prosome (μm) 
log C (μg) = -6.76 + 2.512 * 
logL 
(Lavaniegos and Ohman 2007) 
Amphipod Total length (mm) 
log DW (mg) = -2.314 + 2.957 * 
logL; C = 36.5% of DW 
(Lavaniegos and Ohman 2007) 
Euphausiid Total length (mm) 
log C (μg) = -0.473 + 3.174 * 
logL 
(Lavaniegos and Ohman 2007) 
Ostracod Carapace (mm) 
DW (μg) = 17.072 * L2.545; C = 
39.8% of DW 
(Lavaniegos and Ohman 2007) 
Crustacean 
nauplius 
Total length (mm) used Euphausiid function (Lavaniegos and Ohman 2007) 
Crustacean 
zoea 
Total length (mm) used Euphausiid function (Lavaniegos and Ohman 2007) 
Salp: Thalia 
democratica 
Oral to atrial siphon 
(mm) 
μg C = 1.62 * L1.93 (Lavaniegos and Ohman 2003) 
Salp: Salpa 
fusiformis 
Oral to atrial siphon 
(mm) 
μg C = 1.40 * L2.05 (Lavaniegos and  Ohman 2003) 
Salp: Soestia 
(Iasis) zonaria 
Oral to atrial siphon 
(mm) 
μg C = 1.00 * L2.26 (Lavaniegos and  Ohman 2003) 
Appendicularian Trunk length (mm) 
DW (μg) = 38.8 * L2.574; C(μg) 
= 0.49 * DW1.12 
(Lavaniegos and Ohman 2007) 
Chaetognath Total length (mm) C (ug) = 0.0956 * L2.9093 (Lavaniegos and Ohman 2007) 
Thecosome 
pteropod 
Shell length (mm) 
log C (μg) = [(1.469 + 3.102 
*logL) - .911] + (2.498 * logL) 
(Lavaniegos and Ohman 2007) 




WW (g) = 0.0748 * L2.86; C (g) 
= 0.13% of WW 
(Lavaniegos and Ohman 2007) 
Ctenophore Total length (mm) C (mg) = 0.0048 * L1.775 (Lavaniegos and Ohman 2007) 
 





2.3.6 Statistical analysis 
Linear models were used to describe correlations between pCO2, Chl-a, and total 
mesozooplankton biomass. Correlations were considered statistically significant if p-values<0.05 
(R tidyverse statistical package, Wickham 2017). 
ANOVA followed by Tukey’s HSD post-hoc tests were used to determine differences in mean total 
zooplankton biomass among seasons, months, and water mass. Differences were considered 
statistically significant if p-values<0.05 (R tidyverse statisitcal package, Wickham 2017)  
PERMANOVA (permutational multivariate analysis of variance) analyses based on Bray-Curtis 
dissimilarity were used to test for differences in mesozooplankton community structure and 
composition among water masses and seasons (PRIMER 6 Version 6.1.14 and PERMANOVA+ 
Version 1.0.4 © 2012 PRIMER-E Ltd). Data were square-root transformed to down-weight the 
influence of more abundant taxa before creating Bray-Curtis resemblance matrices. Significant 
differences were defined by p-values<0.05. We used two levels of taxonomic resolution (“General 
group” and “Subgroup”) in our analyses because both general taxon groups (e.g. “copepods”) and 
smaller subgroups within a taxon (e.g. life stage, genus, body size) could respond to the 
environment and affect ecosystem function in distinct ways. The number of samples analysed for 
each water mass and season is shown in Table 2.3.  
The seasonal identity for each sampling date was determined by meteorological seasonal 









Table 2.3 Sampling dates and sample size for each water mass and season (total samples n=46). If a sampling 
date is included for a certain water mass, it indicates that at least one sample from that sampling date was identified 
as being from that water mass. If a sampling date is included for a certain season, it indicates all samples from that 
sampling date were classified as being from that season. 
 
2.4 Results 
2.4.1 Oceanographic conditions and water mass identity  
Temperature, salinity, Chl-a, and pCO2 for each station and sampling date are shown in Fig 2.4. 
Continuous temperature and salinity data are shown in Supplementary Fig A1. For most months, 
temperatures across the transect ranged between 8.7 °C (July, Station 7) and 15.0 °C (March, 
Station 1) and  varied by month (Fig 2.4A). However, January 2018 was an exceptionally warm 
month corresponding with the 2017-2018 marine heatwave event (Salinger et al. 2019), and 
temperatures at all stations in January were above 17.1 °C (Fig 2.4A). Salinity varied less 
temporally than spatially (Fig 2.4B). Salinities ranged between 34.09 (July, Station 1) and 34.91 
(September, Station 2). Chl-a concentrations were generally highest at nearshore stations and 
lower at offshore stations. During our sampling period, Chl-a ranged between 0.1 and 0.9 mg m-
3, and (Fig 2.4C). pCO2 ranged between 330.3 atm (November, Station 3) and 406.1 atm (Nov 
Water mass Sampling dates included Number of samples
Neritic
Nov 2017, Mar 2018, Jul 
2018, Sep 2018 6
Subtropical All 27
Frontal zone Nov 2017 1
Subantarctic All 12
Season Sampling dates included Number of samples
Spring Nov 2017, Sep 2018 15
Summer Jan 2018 8
Autumn Mar 2018, May 2018 16
Winter Jul 2018 7





station 8) (no data for January and March). In spring (November and September) pCO2 generally 
increased with distance offshore (Fig 2.4D). In autumn and winter, pCO2 was highest mid-transect 
in subtropical waters, but this difference was small.  
Water mass identity was primarily driven by differences in salinity (Supplementary Table A2). 
Water mass identity varied spatially with month, and November 2017 was the only month in 
which one of the sampling stations was located in the frontal zone (see coloured points in Fig 2.4).  
Satellite-derived maps show broad-scale seasonal and spatial patterns in sea surface temperature 
and Chl-a for the Munida region (Fig 2.5). 






Figure 2.4 Oceanographic characteristics of the water along the Munida Transect at each zooplankton sampling 
event from November 2017 to September 2018. A) Sea surface temperature (°C), B) salinity, C) chlorophyll-a (mg 
m-3), and D) pCO2. Colour represents water mass identity. N = neritic, STW = subtropical water, FZ = frontal zone, 
SAW = subantarctic water. 






Figure 2.5 Satellite-derived sea surface temperature in °C (A) and Chl-a in mg m-3 (B) in the Munida region from 
November 2017-September 2018. 
 
2.4.2 Zooplankton taxa observed 
Thirteen general zooplankton taxa were found in the samples: copepod, amphipod, euphausiid, 
ostracod, crustacean nauplius, crustacean zoea, salp, appendicularian, chaetognath, thecosome 
pteropod, bivalve, scyphomedusa, and ctenophore. Three of these taxa, copepods, salps, and 
chaetognaths, were further characterised into subgroups based on size, taxonomy, or life history 
stage (Table 2.4).  





Table 2.4 List of all zooplankton taxa found in samples along the Munida Transect from November 2017 to 
September 2018. Statistical analysis at the “General group” level (left) included 13 groups. Statistical analysis at 
the “Subgroup” level (right) included 22 groups (salp species included, but salp life-stage excluded).   
 
2.4.3 General trends in zooplankton community characteristics  
2.4.3.1 Community richness 
Taxonomic richness (i.e. the number of taxa present) among the three major water masses were 
statistically indistinguishable, but lowest in neritic and highest in subantarctic waters (Fig 2.6A). 
Richness was significantly different among all seasons (p-values<0.01) except between autumn 
and winter (Fig 2.6B). Highest richness was found during summer, in which a median of 10 of the 
13 general taxa were present. In winter only five of the 13 taxa were present, the fewest of any 
season. It should be noted it is possible that extremely rare and small taxa were missed due to 










































Figure 2.6 Zooplankton taxonomic richness (i.e. number of taxa present) for water mass (A) and season (B). 
Thirteen possible taxonomic groups (general group level) are represented by the data (right). N = neritic, STW = 
subtropical water, FZ = frontal zone, SAW = subantarctic water. 
 
2.4.3.2 Zooplankton community biomass and composition 
Mean total zooplankton biomass along the Munida transect was significantly different at different 
times of the year (p-values<0.05) (Table 2.5), but total biomass annual means were not different 
among water masses (Table 2.6).  
Table 2.5 Mean total zooplankton biomass for each month and season from November 2017 to September 2018 
along the Munida Transect. Italicized letters indicate in which months means were significantly different following 
ANOVA and Tukey’s HSD post-hoc tests (p-value<0.05). Months designated by the same letter were not 
significantly different from each other. Individual p-values of Tukey’s HSD pair-wise tests are shown in 






Nov 7 4.07     ab
Jan 8 12.63     a
March 8 3.30     ab
May 7 0.45     b
July 8 0.93     b
September 8 4.18     ab
Season
Spring 15 4.12     ab
Summer 8 12.63     a
Autumn 15 1.97     b
Winter 8 0.93     b
Mean total zooplankton 
biomass (mg C m
-3
)





Table 2.6 Mean total zooplankton biomass for each water mass from November 2017 to September 2018 along 
the Munida Transect Italicized letters indicate in which water masses were means significantly different following 
ANOVA.Water masses desingated by the same letter were not significantly different from each other. The single 
FZ sample was not included in the analysis. N = neritic, STW = subtropical waters, FZ = frontal zone, SAW = 
subantarctic waters. 
 
Total mesozooplankton biomasses are shown in Fig 2.7, Table 2.7, and Supplementary Tables A3-
A8. Highest zooplankton biomass sampled at a single station (Station 1) was found in subtropical 
waters in January (47 mg C m-3). Biomass was also high at other subtropical waters stations in 
this month (10-15 mg C m-3 Stations 2-4). Mesozooplankton biomass was high at nearshore 
stations in September (18 mg C m-3, neritic waters), but very low offshore. In contrast, November 
biomass was highest at the outermost station in subantarctic waters (10.79 mg C m-3), but also 
high nearshore (6.42 mg C m-3) with lower values at stations in-between. Biomass was lowest 
across the entire transect during colder months (May and July) and never exceeded 2.42 mg C m-
3. 
 
Figure 2.7 Total mesozooplankton community biomass (mg C m-3) at each station along the Munida Transect from 
November 2017 to September 2018. Colours represent water mass identiy. Orange = neritic, yellow = subtropical 





N 6 6.64    a
STW 27 4.41    a
FZ 1 0.76
SAW 12 3.35    a
Mean total zooplankton 
biomass (mg C m
-3
)















Figure 2.8 Mesozooplankton community composition (% mg C m-3 of total biomass) for each station along the Munida Transect from November 2017 to September 
2018 Coloured bars along the bottom indicate water mass identity. Orange = neritic, yellow = subtropical water, blue = subantarctic water. 














Figure 2.9 Mesozooplankton taxa biomasses (mg C m-3 ) at each station along the Munida Transect from November 2017 to September 2018. Colours represent water mass 
identity: Orange = neritic, yellow = subtropical water, green = frontal zone, blue = subantarctic water. 





Table 2.7 Total zooplankton biomass (mg C m-3) at each station during each sampling month. N = neritic waters, 
STW = subtropical waters, FZ = frontal zone, SAW = subantarctic waters. NA indicates no sample exists. 
 
In most months, mesozooplankton community biomass in neritic waters was dominated by 
copepods. Copepods contributed a maximum of 6.09 mg C m-3 out of the total 6.42 mg C m-3 (or 
95%) in these waters (Station 1) in November (Fig 2.9).  However, in September appendicularians 
comprised on average 59% of neritic mesozooplankton total biomass (Fig 2.8). Other major taxa 
found in neritic waters included salps in March (autumn) (2.44 mg C m-3, 42% of total) and 
chaetognaths in July (winter) (0.15 mg C m-3, 11% of total) (Fig 2.8B).  
Subtropical waters were also usually dominated by copepods. In November (spring), January 
(summer), March (autumn), and July (winter), copepods alone comprised more than 50% of total 
community biomass (Fig 2.8B). Total biomass was low in May (autumn) and September (spring) 
(Fig 2.7), but copepods still contributed on average 0.50 mg C m-3 (49%) and  0.78 mg C m-3 (53%), 





respectively, to the subtropical water community (Fig 2.8). Chaetognaths and crustacean zoea 
were also at times large components of subtropical water zooplankton biomass (Fig 2.8B). The 
salp Salpa fusiformis was also found in January in subtropical waters at increasingly high relative 
abundances with distance from shore (0% - 40%) (Fig 2.8). 
Only one sample existed from frontal zone waters, which was during the November 2017 
sampling trip). This sample contained very little mesozooplankton biomass (0.76 mg C m-3) of 
which three major taxa dominated: copepods, amphipods, and salps (specifically S. fusiformis) 
(Figs 2.7 and 2.8). 
Subantarctic waters were dominated by copepods in November (spring, 76%) and May (autumn, 
53%) (Fig 2.8). In other months, subantarctic mesozooplankton communities contained either 
mostly thecosome pteropods (maximum 5.67 mg C m-3, 97% of total March), or chaetognaths 
(60% July and 66% September) (Fig 2.8). No single taxa comprised more than half of the biomass 
in subantarctic waters in January, and the community was mainly comprised of chaetognaths 



















Figure 2.10 Relative biomass composition (% mg C m-3 of total) of copepod communities (A), salp communities (B), and chaetognath communities (C) 
for each station along the Munida Transect from November 2017 to September 2018. Coloured bars indicate water mass identity. Orange = neritic, yellow 
= subtropical water, green = frontal zone, blue = subantarctic water. 





2.4.4 Zooplankton community associations with water mass 
In general, mesozooplankton communities differed between water masses. PERMANOVAs 
showed the composition of the mesozooplankton community was significantly different between 
neritic and subantarctic waters and between neritic and subtropical waters (p<0.05) (Table 2.8), 
but not between subtropical and subantarctic waters.  
Table 2.8 Significant differences (*) in zooplankton community associations between water masses. Community 
composition was compared at both the general-group and subgroup level. N = neritic, STW = subtropical water, 
SAW = subantarctic water. * indicate p-values <0.05 from PERMANOVA analyses. Detailed results (t-values and 
p-values) from PERMANOVA pairwise tests between water masses are shown in Supplementary Table A9. 
 
When community compositions were visualized by canonical analyses of principal coordinates 
(CAP), the water masses showed distinct clustering (Fig 2.11A). Pearson correlations suggest that 
not only the presence, but also high abundances of ostracods and thecosome pteropods were 
associated with subantarctic waters, while abundances of crustacean nauplii and zoea were 
associated with neritic waters and subtropical waters (Fig 2.11A). High abundances of copepods, 
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Figure 2.11 Mesozooplankton community composition associations with water masses at the general-group 
taxonomic level (A) and the subgroup taxonomic level (B). Constrained canonical analysis of principle coordinates 
(CAP) were based on Bray Curtis similarity. A priori factor for CAP analysis was water mass: N = neritic, STW = 
subtropical water, FZ = frontal zone, SAW = subantarctic water. Vectors show taxa correlations with water mass 
(Pearson correlations >0.3). 
 





2.4.5 Zooplankton community associations with season 
Mesozooplankton community composition also differed between each season (p<0.05), except 
between autumn and winter at both the general-group level and the subgroup level (Table 2.9).  
Table 2.9 Significant differences (*) in zooplankton community associations between seasons. Community 
composition was compared at both the general-group and subgroup level. * indicate p-values <0.05 from 
PERMANOVA analyses. Results (t-values and p-values) from PERMANOVA pairwise tests between seasons are 
shown in Supplementary Table A10.  
 
CAP analyses revealed that samples from spring and summer clustered together, and samples 
from winter and autumn clustered together (Fig 2.12). High relative abundances of most taxa 
groups correlated with spring and summer seasons, but thecosome pteropod abundance 
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Figure 2.12 Mesozooplankton community composition associations with season at the general-group taxonomic 
level (A) and the subgroup taxonomic level (B). Constrained canonical analysis of principle coordinates (CAP) were 
based on Bray Curtis similarity. A priori factor for CAP analysis was season. Vectors show taxa correlations with 
season (Pearson correlations >0.3). 
 





2.5 Discussion  
Results from the present study provided the first resolution of zooplankton biomass distributions 
and community compositions along the Munida oceanographic transect in 40 years. The 
information has important implications for better understanding ecosystem functioning in this 
region where biological data is still limited.  
Total mesozooplankton biomass varied seasonally along the Munida transect, but annual 
averages were not different among water masses. Irrespective of total zooplankton biomass 
trends, multivariate analyses revealed that mesozooplankton community composition had 
specific associations with both seasons (Fig 2.11, Table 2.7) and water masses (Fig 2.12, Table 
2.8). These results are first discussed in the context of the spatial and temporal variability of the 
concurrent oceanographic conditions and are compared to previous studies in the Munida region 
to draw general conclusions about local zooplankton community patterns.  Then the observed 
spatial and temporal shifts in zooplankton communities are discussed with special implications 
for the marine food web and associated biogeochemical processes.  
2.5.1 Relationships between pCO2, chlorophyll-a, and zooplankton 
The relationship between pCO2 and Chl-a can provide evidence for the transformation of 
inorganic dissolved carbon into primary production (Fay and McKinley 2017), a crucial first step 
that can in turn influence zooplankton biomass (e.g., Atkinson et al. 1996). In general, linear 
correlations between pCO2 and Chl-a suggests biological activity transformed inorganic pCO2 into 
organic carbon through photosynthesis at nearshore stations, especially in the spring months of 
November (p-value<0.05, r2 0.59) and September (p-value <0.001, r2 0.87) when Chl-a was high 
and pCO2 concentrations were well below air-sea equilibrium, but not as much off-shore (Fig 
1.23A, Supplementary Table A11). This supports our understanding that off-shore subantarctic 
waters around New Zealand are low chlorophyll regions with limited primary productivity. The 





relationship between pCO2and Chl-a varied also seasonally, probably due to seasonal variations 
in air-sea CO2 flux (Currie et al. 2011).  
The relationship between Chl-a and mesozooplankton biomass can indicate trophic relationships. 
Total mesozooplankton biomass varied spatially and seasonally between 0.1 to 47.1 mg C m-3 
(Table 2.7), which is within the range of averages reported for New Zealand waters (Zeldis and 
Décima 2020). From the classic perspective that mesozooplankton communities, in particular 
those dominated by copepods, are mostly herbivorous, a tight correlation between 
mesozooplankton biomass and their phytoplankton food source would be expected. This 
relationship was significant when all sampling months were combined, though was not linear (p-
value<0.01, r2 0.26) (supplementary Table A11). When months were considered separately, the 
relationship was only significant in May and September (Fig 2.13B, supplementary Table A11). 
This could suggest that, mesozooplankton across all water masses were not entirely dependent 
on phytoplankton abundance to sustain their biomass, and  used alternative food sources such as 
microzooplankton to meet their energy needs. Additionally, because there can be a time lag 
between phytoplankton growth and the response of mesozooplankton growth (Atkinson et al. 
1996), the lack of correlation could reflect a situation in which primary production and the 
resulting enhanced zooplankton production were asynchronous. 






Figure 2.13 Correlations between A) pCO2 and Chl-a (mg m-3) and B) Chl-a (mg m-3) and total zooplankton biomass 
(mg C m-3) along the Munida transect from November 2017 to September 2018. Colour indicates water mass 
identity. N = neritic, STW = subtropical water, FZ = frontal zone, SAW = subantarctic water. 
 
Previous studies have provided substantial evidence for the importance of microzooplankton 
grazing of primary production and microzooplankton omnivory in structuring pelagic food webs 
in the subtropical convergence zone east of New Zealand (Hall et al. 1999; Zeldis et al. 2002; Hall 
et al. 2004; Zeldis and Décima 2020). In particular, subantarctic waters east of new Zealand are 
characterised by low Chl-a concentrations, yet are efficient trophic systems that support high 
predator biomass (Bradford-Grieve et al. 2003). This observation has been attributed to the 
dominance of a high-recycling microbial food web, in which microzooplankton serve as a link 
between low primary production and higher trophic levels (Hall et al. 2004). In the present study, 
we observed lowest Chl-a concentrations in subantarctic waters in November that coincided with 
some of the highest concentrations of mesozooplankton (Fig 2.13B), which supports such a 
system characterised by microzooplankton grazing and mesozooplankton omnivory. Further 
support is provided by mesozooplankton community composition, in which large calanoid 
copepods (>1 mm) comprised ~75% of total biomass (Figs 2.8 and 2.10), although it is not known 
whether these large copepods were primarily herbivorous or carnivorous species. A previous 





study in New Zealand waters suggested that a phytoplankton diet alone would not meet the 
energy requirements of large calanoid copepods in the open ocean and that microzooplankton 
and smaller copepods were key prey items for large copepods (Bradford-Grieve et al. 1998). 
Observations of many large but few small copepods in mesozooplankton communities in the New 
Zealand Subtropical Convergence were attributed to large copepods feeding on the small 
(Bradford-Grieve et al. 1998). It has also been suggested that copepods in low-chlorophyll 
subantarctic waters of the South Atlantic preferentially feed on microzooplankton (Atkinson 
1996).  
2.5.2 Connecting results to previous studies in New Zealand waters 
In general, results from the present study corroborate the few other studies of mesozooplankton 
in the Otago region (Jillett 1976; Murdoch 1989; Takagaki 2016), which found unique 
associations of mesozooplankton groups within neritic, subtropical, and subantarctic waters. 
While the previous studies did not include seasonal analysis, (Jillett 1976; Takagaki 2016), were 
restricted to a limited number of sampling locations (Murdoch 1989; Takagaki 2016), or differed 
in the chosen taxonomic resolution (all three papers), notable comparisons in mesozooplankton 
associations can be made.  
The same major taxonomic groups were present in all studies, although mesozooplankton in the 
present study were generally identified to lower taxonomic resolution. Crustacean taxa, including 
copepods, euphausiids, and amphipods tended to be the most abundant taxa collected in all 
studies. Meroplankton in the three previous studies associated strongly with neritic waters. In 
the case of Murdoch (1989) and Takagaki (2016), this association was attributed to retention by 
a small-scale eddy in Blueskin Bay north of the Otago Peninsula. Blueskin Bay was not sampled 
in Jillett (1976) nor in the current study, but Jillett’s study still found relatively high abundances 
of crustacean nauplii and zoea in neritic waters. High concentrations of larvae likely reflects 
spawning by littoral adults and the retention of the larvae by neritic hydrological features, 





including eddies (Murdoch 1989). Similarly, crustacean larvae were also found in neritic waters 
in the present study and statistically associated with this water mass (Figs 2.9D and 2.11A). 
However, highest abundances of crustacean larva (specifically zoea) in the present study were 
also found in subtropical waters, particularly during March (autumn) and September (spring) 
when their biomass peaked and comprised 19% and 36% of the zooplankton community by 
biomass, respectively (Fig 2.8). The observed pattern suggests that larva were either spawned in 
subtropical waters or were advected seaward after being spawned in neritic waters. Seaward 
intrusions of coastal waters into the Southland front have been documented previously during 
spring blooms and autumn months (Jones et al. 2013). The observed seasonality could be one 
possible explanation for the presence of the previously described neritic group of organisms 
being found in subtropical waters because the reported periodicity of this hydrologic event (Jones 
et al. 2013) matches our observations of larvae in spring and autumn.  
Additionally, Jillett (1976), Murdoch (1989), and Takagaki (2016) reported that the presence of 
oceanic salp Ihlea magalhanica in neritic waters was likely brought in by a shore-ward extension 
of subtropical waters. However, I. magalhanica was not found in any samples from the present 
study. The dominant salp in neritic waters during the present study was Thalia democratica (Fig 
2.10B), which is the most abundant salp in the Tasman Sea (Henschke et al. 2014), suggesting 
subtropical waters flowing along the Otago coast (Sutton 2003) were the source of these 
communities. The presence of T. democratica in neritic waters could indicate that a shoreward 
extension of subtropical waters, as seen in Jones et al. (Jones et al. 2013), or passive advection 
brought offshore species characteristic of the Southland Current into coastal areas. For example, 
a study of T. democratica distribution off the coast of Australia also found highest abundances in 
coastal waters (Henschke 2009), suggesting coastal characteristics such as high productivity and 
slow-moving water may aid in their retention close to shore.  





Only Jillett (1976) and the current study sampled mesozooplankton from subantarctic waters off 
the Otago coast. Jillett (1976) reported several larger species of chaetognaths (Sagitta gazellae 
<70 mm, and Eukrohnia hamata <43 mm) in the two outermost stations, “C” (sometimes covered 
by subantarctic waters) and “D” (always covered by subantarctic waters). Jillett’s findings are 
consistent with our results that show larger chaetognaths (>30 mm) had a more consistent 
presence in subantarctic waters (Fig 2.10C). In Jillett’s study, chaetognath Sagitta tasmanica (<30 
mm) also had a wider spatial distribution than S. gazellae and E. hamant. S. tasmanica was present 
at all four water masses, but was most abundant in subtropical waters (Jillett 1976). In the 
present study, smaller chaetognaths (<30 mm) were also associated more with neritic and 
subtropical waters (Figs 2.10C and 2.11B). 
 Our current understanding of mesozooplankton communities off the Otago coast can be 
summarized in three main observations. First, crustacean larval stages seem to consistently 
associate with neritic waters in the Otago peninsula region (Jillett 1976; Murdoch 1989; Takagaki 
2016, and current study), but can also be advected offshore into subtropical waters. Second, the 
association of larger chaetognaths with subantarctic waters and smaller chaetognaths with 
neritic and subtropical waters is typical of the region (Jillett 1976 and current study). Third, there 
has been evidence of oceanic salps, I. magalhanica (Jillett 1976; Murdoch 1989; Takagaki 2016) 
and T. democratica (current study) advecting shoreward from subtropical waters and being 
retained in the Otago coastal region, a phenomena that has been observed in other studies 
(Henschke 2009; Everett et al. 2011).  
While salp distribution in general is known to be patchy, it is interesting that I. magalhanica was 
found in all three previous studies of the region, but not at all in the current study. Ihlea. 
magalhanica has a low tolerance for warm water (Giesecke et al. 2014 and references therein), 
and it is possible that the heatwave event experienced during the summer months of the current 
study restricted their distribution and prevented them from inhabiting the Otago region. T. 





democratica on the other hand is adapted to warmer waters (Henschke et al. 2014). Since both 
species are similar in size and likely serve similar roles in their larger ecosystems, perhaps the 
presence of T. democratica in our samples indicated they filled a niche left open by the absence of 
I. magalhanica during the 2017/2018 summer marine heatwave event. This heatwave event 
could have driven differences in salp distribution directly via differences in physiological thermal 
optima because temperature is a known salp population driver (Heron and Benham 1984; 
Henschke et al. 2014), or indirectly via hydrological shifts in water mass position (Jones et al. 
2013). It is important to note, however, that T. democratica were not sampled at all during the 
extreme temperatures in January – rather these salps were observed two months later in March 
when temperatures were average for that time of year. Rapid population growth for this species 
can occur over a few weeks (Heron 1972; Henschke et al. 2014), and without data of higher 
temporal resolution, it is unclear to what extent population dynamics of T. democratica could 
have been influenced by the summer heatwave. Nevertheless, observations of I. magalhanica or 
T. democratica in coastal waters near the Munida transect could possibly indicate larger 
temperature or hydrological shifts in the area, and would be worthy of future study.   
Connections to the results of the present study can also be found north of Otago in the coastal 
region of Kaikoura (Fig 2.13). Kaikoura is a hot spot of biological activity and serves as important 
feeding and breeding grounds for many fish, seabirds, and mammals (Stonehouse 1965; 
Childerhouse et al. 1995; Denny and Schiel 2002). Here, intrusions of subtropical waters have 
been identified as “one of the most important hydrological phenomenon influencing the area” 
(Bradford 1972). Bradford (1972) identified advective processes, particularly from subantarctic 
waters, as being a major driver of plankton community characteristics in the area. 







Figure 2.14 Map of New Zealand showing subtropical water originating in the Tasman Sea flowing northward near 
Dunedin (site of present study, blue star) via the Southland Current and flowing southward near Kaikoura (site of 
Bradford (1972), orange star) via the East Cape Current. Modified from Bradford (1972). 
 
 Zooplankton dynamics observed at Kaikoura in 1964 and 1965 (Bradford 1972) parallel those 
observed in the present study off the coast of Otago, supporting a hydrographic and ecological 
link between the two regions. For example, though not unusual for regions influenced by seasonal 
cycles, both locations experienced a “winter minimum” of lowest total zooplankton biomass 
during the coldest months. Both studies also saw biomass peaks during summer, and in our study, 
this summer peak occurred in subtropical waters (Fig 2.7). These summer peaks at both Kaikoura 
(Bradford 1972) and Otago (present study) were roughly four times the average biomasses found 
in the same water mass at other times of the year (Fig 2.7). Furthermore, at Kaikoura, large 





copepods were most abundant in spring and summer than the rest of the year (Bradford 1972). 
This pattern is consistent with the seasonal copepod patterns seen off Otago, where largest 
copepods (>3mm) contributed relatively more biomass to copepod communities in November 
(spring) and January (summer) compared to autumn and winter months (Fig 2.10A). The 
parallels between the two sites are especially interesting because the subtropical waters 
intrusions at Kaikoura mostly originate from the D’Urville and East Cape currents from the north, 
rather than the Southland current from the south (Sutton 2003). The similarities in zooplankton 
community characteristics therefore suggest that some of these patterns are strongly linked to 
subtropical waters regardless of water mass origin. 
2.5.3 Linking mesozooplankton biomass and community composition to ecological 
function 
2.5.3.1 Biomass trends across water masses and seasons 
The mesozooplankton biomass density observed in the current study are within ranges reported 
for waters around New Zealand (Zeldis and Décima 2020). One general observation is that over 
the year-long study period, highest peaks in zooplankton biomass were observed in subtropical 
waters in January (47 mg C m-3) and neritic waters in September (spring) (18 mg C m-3)  (Fig 2.6). 
These pulses of zooplankton biomass in summer and spring were likely responses to spring 
phytoplankton bloom events (Bradford 1972; Atkinson 1996). In addition to enhancing prey 
availability for higher trophic levels, the higher mesozooplankton biomass in these months could 
have also greatly increased local nutrient recycling via faecal pellet production and excretion 
(Steinberg and Landry 2017) in neritic waters compared to subtropical and subantarctic water 
masses at that time. Zooplankton can make substantial contributions to the biologically mediated 
export of carbon (the biological pump) to deep waters (Brun et al. 2019), but the shallow shelf 
would prevent this from happening in these neritic waters, which results in most organic matter 
being recycled locally. In comparison to the September peak of neritic waters and the January 
peak of subtropical waters, subantarctic water zooplankton biomass peaked in November 





(average 5.95 mg C m-3). Because biomass peaks in different water masses varied over the year, 
ecological function in each water mass probably also varied seasonally. For example, carbon 
export in subtropical waters in January was likely different from that of nearby subantarctic 
waters. In addition to increasing the rate of nutrient recycling, high levels of zooplankton biomass 
can greatly increase local carbon export via high rates of faecal pellet production that can 
constitute up to 40% of all passive organic particle flux in the ocean (Brun et al. 2019). The 
observed pattern suggests that in January, for example, subtropical and subantarctic water 
masses may have supported two different ecosystem functions: one characterised by high carbon 
export and low nutrient recycling in surface waters (subtropical waters), and one characterised 
by low carbon export and high nutrient recycling in surface waters (subantarctic waters). These 
findings indicate that major zooplankton-driven ecosystem functions such as elemental flux likely 
shift among the different water masses at different times of the year.  
2.5.3.2 Seasonal shifts in community composition in each water mass 
Each of the 13 general-group zooplankton taxa analysed in the present study possess a unique 
suite of biological traits that determine their larger ecological roles. Recent efforts have begun to 
compile functional traits of zooplankton such as body size, feeding strategy, physiological rates, 
and body composition (Barnett et al. 2007; Hébert et al. 2016a; Hébert et al. 2016b), all of which 
have major implications for flux and flow of energy and materials in ecosystems. When combined 
with community composition data, these traits can be used to improve our understanding of 
zooplankton community functioning (Kiørboe 2013; Litchman et al. 2013; Pomerleau et al. 2014; 
Sailley et al. 2014; Hébert et al. 2016a; Hébert et al. 2017; Brun et al. 2019; Prowe et al. 2019). 
Here, zooplankton traits are considered in order to explore the link between zooplankton 
communities on the Munida transect and their larger ecological functions. 





2.5.3.2.1 Neritic waters 
In neritic waters, the most drastic seasonal shifts in mesozooplankton communities observed 
were between copepods (November and July) and gelatinous mesozooplankton (March and 
September).  
Copepods graze phytoplankton, but at relatively lower rates compared to pelagic tunicates such 
as salps and appendicularians (Alldredge and Madin 1982; Dubischar and Bathmann 1997). 
Pelagic tunicates are filter-feeders capable of removing large amounts of primary production 
from the surface and exporting this material to depth via fast-sinking faecal pellets, and therefore 
their presence in mesozooplankton communities can drastically alter local food web dynamics 
and the biological pump (Harbison and Gilmer 1976; Alldredge and Madin 1982; Vargas and 
Madin 2004). The salp Thalia democratica comprised close to half of the total zooplankton 
biomass in Neritic waters in March (autumn) (Fig 2.8), and multivariate analyses indicated strong 
association of T. democratica with neritic waters (Fig 2.11A). Accordingly, it is possible that 
zooplankton community function in Neritic waters in March was driven in part by functional 
traits of T. democratica. But here, shallow shelf waters and the small body and faecal pellet size 
of T. democratica limit the role of this species in carbon export. Instead, the ecological role of this 
salp was likely exerting grazing pressure on phytoplankton and serving as important prey in 
these waters at this time of year (Heron et al. 1988; Cavallo et al. 2018). Interestingly, in March 
and September, there were relatively high concentrations of Chl-a in neritic waters comparable 
to other times when gelatinous animals were not a large component of the mesozooplankton 
community, suggesting T. democratica and appendicularians had minimal grazing impact on 
primary production. The abundances of T. democratica and appendicularians in these waters was 
relatively low compared to what other studies have found (Heron 1972; Blackburn 1979; Heron 
and Benham 1984; Deibel and Paffenhöfer 2009; Everett et al. 2011; Henschke et al. 2014) and 
therefore perhaps were not high enough to have a significant grazing impact on the 
phytoplankton community.  





2.5.3.2.2 Subtropical waters 
Subtropical waters were mainly characterised by seasonal shifts in copepods, pelagic tunicates, 
and chaetognaths.  
On most occasions, subtropical waters were dominated by copepods and chaetognaths, and salps 
appeared in notable abundances in subtropical waters in two months, January and September. 
The dominant subtropical water species was Salpa fusiformis (Fig 2.10C), a larger salp than  Thalia 
democratica found in neritic waters. Both species are capable of high grazing rates, but their 
difference in size leads to different roles in carbon flux. Unlike T. democratica, faecal pellets 
released by S. fusiformis are large and dense enough to sink quickly and evade bacterial 
remineralization in surface waters. S. fusiformis carcasses also sink and can serve as a food source 
for benthic organisms (Henschke et al. 2016). Accordingly, these traits could indicate that in 
January, for example, when S. fusiformis comprised a larger portion of the community, there was 
an associated increase in carbon export in subtropical waters compared to other water masses. 
However, similar to T. democratica, Chl-a concentrations did not indicate S. fusiformis drastically 
reduced phytoplankton abundances in January subtropical waters (Fig 2.4C). This could be 
because the biomasses of T. democratica and S. fusiformis found in the present study were 
relatively low compared to other studies (e.g., Everett et al. 2011), which would have reduced 
their grazing impact. However, knowing they are present in and associate with distinct water 
masses shows potential for shifts in water mass ecological functions if a bloom of either species 
were to occur. 
 In the same two months, January and September,  notable shifts within the chaetognath 
community were observed in subtropical waters. Small and medium sized chaetognaths usually 
dominated subtropical waters, but in these months, larger chaetognaths (<30 mm) were present. 
Large chaetognaths generally associated with subantarctic waters (discussed further in following 
section). In September, it is possible the subtropical population was just an extension of the 





subantarctic water population, but in January, it is unclear why they were found so close to shore. 
One explanation could be food availability. Copepods, a key prey item for chaetognaths (Kruse et 
al. 2010), were more abundant in subtropical waters in January than in subantarctic waters. 
However, this pattern in copepods was also seen in other months, without the presence of large 
chaetognaths. 
2.5.3.2.3 Subantarctic waters 
Zooplankton communities in subantarctic waters were mainly characterised by chaetognaths and 
thecosome pteropods (i.e. shelled pteropods).  
Chaetognaths are common but usually less abundant components of zooplankton communities 
(Sun et al. 2010), and can contribute significantly to organic matter flux (Pakhomov et al. 1999). 
In the present study, total chaetognath biomass consistently peaked in subantarctic waters. They 
were especially large components of the zooplankton community in this water mass in the colder 
months, July and September comprising on average 60% and 66% of the total community, 
respectively (Fig 2.8). As alluded to in the previous section, large chaetognaths (>30 mm) usually 
dominated chaetognath communities in subantarctic waters (Fig 2.10C) and accordingly showed 
a statistical association with this water mass (Fig 2.11B, Pearson correlation>0.3). Because 
physiological rates increase with body size (Nagy 2005), large chaetognaths may therefore have 
a greater impact on prey (e.g., copepod) standing stock (Duró and Saiz 2000) and their associated 
contribution to downward flux (Pakhomov et al. 1999) in subantarctic waters compared to other 
water masses in the region that are dominated by smaller chaetognaths, though this impact would 
depend on biomass.  
Thecosome pteropods are common in Southern Ocean ecosystems (Hunt et al. 2008). In our 
study, thecosome pteropods comprised nearly 100% of the zooplankton community in 
subantarctic waters in March (Fig 2.8), and statistically associated with this water mass (Fig 





2.11A) and season (Fig 2.12A). Thecosome pteropods are capable of high grazing rates, and can 
remove significant portions of phytoplankton standing stock from these waters (Hunt et al. 2008).  
Thecosome pteropods also contribute significantly to downward organic matter flux by trapping 
drifting food particles in mucous nets and then either consuming them or rejecting them as 
“pseudo-faeces” (Gilmer and Harbison 1986). Their high abundance in subantarctic waters may 
indicate they are key drivers of the biological pump in this water mass in the autumn and winter 
months. Thecosome pteropod shells are also major vessels of inorganic flux in pelagic Southern 
Ocean systems (Berner and Honjo 1981; Honjo et al. 2000), and therefore subantarctic waters 
would likely experience higher export of carbonate compared to other water masses on the 
Munida transect. pCO2 data for March 2018 is unavailable, but in the autumn and winter months 
following March, pCO2 concentrations are lower in subantarctic waters than most subtropical 
water stations, a pattern that is reversed in spring months (Fig 2.4D). While this could be due to 
seasonal variability in air-sea flux unrelated to biological processes, it could also reflect a localized 
seasonal uptake of inorganic carbon by thecosome pteropods making calcium carbonate shells.  
In recent years, pteropods have gained special attention as increases in atmospheric CO2 
concentrations drive the changes in seawater carbonate chemistry through the process of ocean 
acidification (OA) (Doney et al. 2009), which threatens calcifying organisms (Orr et al. 2005). 
Accordingly, thecosome  pteropods, with their calcium-carbonate shells, are amongst the most 
vulnerable zooplankton taxa and can be viewed as sensitive bioindicators of ocean acidification 
(Bednaršek et al. 2012a). Laboratory studies consistently show the dissolution of pteropod shells 
reared under OA conditions (Comeau et al. 2010; Lischka et al. 2011; Busch et al. 2014), and 
extensive pteropod shell dissolution has already been observed in the Southern Ocean 
(Bednaršek et al. 2012b). Because they play important roles in food webs and element flux, it is 
expected that a decline in thecosome pteropod populations due to OA would have significant 
ecological impacts on Southern Ocean ecosystems (Hunt et al. 2008; Comeau et al. 2010), which, 
as has been demonstrated in the present study, includes the Munida region. 





2.5.3.3 Highlighting seasonal trends in copepod communities 
2.5.3.3.1 Taxonomic shifts 
Seasonal shifts, seemingly unrelated to water mass, were observed in the taxonomic composition 
of the copepod community (Fig 2.10A). Calanoid copepods dominated in November, January, and 
May when they also comprised nearly 100% of total zooplankton community biomass, while 
cyclopoids emerged in March, July, and September (Fig 2.10A). Regarding trophic traits, calanoids 
are thought to be mainly herbivores or omnivores, while cyclopoids mainly omnivores or 
carnivores (Turner 1984), though there is broad overlap in calanoid-cyclopoid feeding guilds 
(Turner 1984; Hopkins et al. 1993). Because trophic transfer efficiency decreases as more trophic 
links are added (Pauly and Christensen 1995), the abundance of potentially more efficient 
calanoids (phytoplankton  calanoid) or less efficient cyclopoids (phytoplankton  other 
zooplankton  cyclopoid) could drive seasonal shifts in plankton trophic dynamics and energy 
flow in the Munida region. This observation also demonstrates that important information can be 
gained from including subgroup levels of taxonomic resolution in community analyses that may 
otherwise be missed at a general group level. 
2.5.3.3.2 Body size shifts 
Copepod body size distributions showed distinct seasonal patterns that were consistent across 
all water masses. The largest copepods (>3 mm) were mainly present in November, January, and 
May and comprised between 32-92%, 16-34%, and 33-45% of the copepod community, 
respectively, but were virtually absent in March, July, and September (Fig 2.10A). While their 
actual trophic ecology cannot be resolved,  the large body size of these copepods would have likely 
been associated with higher rates of processes such as feeding, excretion, and faecal pellet 
production (Litchman et al. 2013). As a result, in November, January, and May, large copepods  
may have contributed at more to ecosystem processes such as nutrient recycling, trophic transfer, 
and carbon export in waters across the transect. Large and small copepods also play different 
roles in marine food webs (Turner 2004), and seasonal shifts in copepod community body size 





also could have had implications for higher trophic levels because some predators of copepods 
are size-selective (Checkley 1982; Gregory Lough and Mountain 1996; Conway et al. 1998). It is 
also interesting that when calanoid copepods >3 mm were present, cyclopoid abundance was 
depressed (Fig 2.10A). Previous studies have revealed complex trophic dynamics between 
calanoids and cyclopoids, including evidence of cyclopoid predation on calanoids, calanoid 
predation on cyclopoids, and inductions of trophic cascades that drastically alter copepod 
community compositions (Turner et al. 1984; Landry et al. 1985; Soto and Hurlbert 1991; Adrian 
1997; Kawabata 2006). Such interactions could be a driving force for seasonal shifts in copepod 
communities in the Munida region. 
2.6 Conclusions 
The present study presents our first look at the distribution and composition of zooplankton 
communities along the Munida transect in 40 years. Total mesozooplankton community biomass 
varied with season and not with water mass. However, irrespective of biomass, the composition 
of mesozooplankton communities differed significantly between neritic, subtropical, and 
subantarctic waters and were characterised by seasonal community shifts. There was a particular 
peak of mesozooplankton biomass in subtropical waters in January that was linked to 
concurrently high levels of Chl-a, suggesting community growth was due to food availability. 
However, weak correlations between Chl-a and total zooplankton biomass suggested that 
mesozooplankton in the Munida region were not directly dependent on primary production for 
growth (i.e., omnivorous), or there were significant lags in zooplankton growth compared to 
phytoplankton, or a combination of these two. The strongest seasonal community shifts within 
water masses involved copepods, pelagic tunicates, chaetognaths, and thecosome pteropods, 
indicating they were likely the most influential mesozooplankton taxa regarding 
mesozooplankton community function in this region. Because these taxa contribute in unique 
ways to food webs and biogeochemical cycling, their seasonal dynamics have major implications 





for water mass ecological function. These findings build upon the well-known oceanography of 
the Munida region and illustrate that zooplankton are an important and informative tool for 
improving our understanding of present-day ecosystem function. It is also clear that climate 
change is affecting New Zealand waters already today in the form of extreme marine heatwaves, 
and the present study provides a glimpse into how zooplankton off the coast of Otago might 
respond to such events in the future. Findings of the study also highlight the wealth of knowledge 
that can be gained from continued monitoring of zooplankton along the Munida Transect as we 
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Chapter 3: Evidence of altered zooplankton trophic 
interactions under future ocean warming and 
acidification predicted for year 2100 
3.1 Abstract 
Copepod grazing can place significant top-down controls on phytoplankton and 
microzooplankton communities, which can ultimately shape higher trophic level dynamics. 
Though copepods have been thought to be tolerant of ocean acidification, previous findings 
suggest future ocean conditions may affect copepod feeding behaviour directly through changes 
in metabolic demands and indirectly through changes in the nutritional quality of prey. Ocean 
warming and acidification may also induce shifts in zooplankton trophic structures, altering 
important trophic transfer pathways at the bottom of the food web. To assess effects of ocean 
acidification and warming on copepod grazing and trophic dynamics in coastal New Zealand 
waters, a series of three 24-hour feeding incubations conducted in 1-L jars were employed using 
natural prey communities and field-collected calanoid copepods Temora turbinata, Paracalanus 
sp., and a natural mixed copepod community. The incubations took place under present-day 
temperature and pH ocean conditions (15.6 °C, pH 8.02) and those predicted for year 2100 (18.2 
°C, pH 7.69) within a 22-day coastal mesocosm experiment at Evan’s Bay, New Zealand. Results 
demonstrate different responses of copepod grazing between the Control and Year 2100 
treatments for two of the three incubations, but no effect of treatment on copepod prey type 
selection. Treatment-specific responses were observed for T. turbinata and the mixed copepod 
community and appeared to be linked to treatment-induced shifts in trophic dynamics within the 
natural phytoplankton and microzooplankton communities present in the incubation jars. 
Evidence from the present study suggests that future climate conditions may shift foundational 
plankton trophic interactions that affect pathways of energy transfer through coastal marine 
ecosystems. 






As human activities release increasing amounts of carbon dioxide (CO2) into the atmosphere, the 
oceans become warmer from the greenhouse effect and more acidic due to ocean acidification 
(OA) (i.e. the dissolution of CO2 into sea surface water resulting in the formation of carbonic acid 
and subsequent decrease of ocean pH) (Doney et al 2009). Earth System Models under the RCP8.5 
emissions scenario (Representative Concentration Pathway 8.5) predict ocean surface waters 
will increase in temperature by 2.6 °C and decrease in pH by 0.33 units by the end of the century 
(IPCC 2014). Waters around New Zealand are expected to experience these changes directly (Law 
et al. 2017; Sutton and Bowen 2019) and have already experienced multiple unprecedented 
marine heatwaves in the last five years (Oliver et al. 2018; Salinger et al. 2019). In New Zealand’s 
coastal regions, culturally and economically important species such as kina, pāua, and mussels 
are vulnerable to both direct threats such as shell dissolution (Brennand et al. 2010; Capson and 
Guinotte 2014; Cummings et al. 2019) and settlement behaviour (Espinel-Velasco et al. 2018) and 
indirect threats such as regime shifts (Kroeker et al. 2013; Sunday et al. 2017) that these rapid 
environmental changes pose. The coastal ecosystems that support these species depend on 
primary production as an energy source and are therefore sensitive to factors, such as grazing, 
that can influence phytoplankton growth and energy transfer.  
Copepods typically dominate mesozooplankton (200-2000 µm) communities in coastal areas.  
They can have significant top-down effects on phytoplankton and microzooplankton (20-200 µm) 
communities and trophic pathways (Armengol et al. 2017) through grazing and nutrient 
regeneration (Steinberg and Landry 2017). Traditionally, copepods were thought to be dominant 
consumers of phytoplankton, especially in productive areas such as coastal upwelling regions 
(Calbet 2008). However, evidence continues to show that microzooplankton are key links in most 
planktonic food webs and typically out-graze copepods on primary production in both 
oligotrophic and highly productive waters (Calbet 2008). When microzooplankton dominate 





primary consumption, the role of copepods shifts from that of a classic herbivore to an omnivore 
capable of shaping food web structure through selective grazing on phytoplankton and 
microzooplankton (Calbet and Landry 1999; Calbet and Saiz 2005). The grazing pressure 
copepods exert on microzooplankton can often initiate trophic cascades where an intermediate 
trophic level is suppressed and prey is relieved from grazing pressure (Nejstgaard et al. 2001; Liu 
and Dagg 2003). The resulting dynamic can alter the pathway of energy transfer to higher trophic 
levels such as fish (York et al. 2014; Armengol et al. 2017). These established trophic relationships 
are crucial for maintaining coastal ecosystem health and function, but their natural dynamics may 
shift with changing ocean conditions.  
Many early studies that investigated effects of OA on copepods found adult copepods largely 
tolerant of direct impacts of high pCO2 and low pH (Kurihara et al. 2004; Kurihara and Ishimatsu 
2008; Pedersen et al. 2013; Mayor et al. 2015) and that early life stages were most sensitive 
(Mayor et al. 2007; Pedersen et al. 2013). However, other studies argue that the long-term 
metabolic costs of functioning in more acidic waters may present hidden challenges for copepods 
that were previously overlooked (Cripps et al. 2014). For example, acid-base balance, growth, and 
reproduction may become more energetically expensive for crustaceans in a high-CO2 ocean 
(Byrne 2011; Mayor et al. 2015). These internal physiological and metabolic changes may then 
manifest as outward changes in metabolically linked behaviours such as grazing (Thor et al. 
2016). Studies have also shown the importance of energy intake via grazing with regards to 
resilience to OA conditions (Pedersen et al. 2014; Mayor et al. 2015). In addition to potential 
direct metabolic effects on copepods, indirect effects of OA hold investigative merit as well. 
Though responses are not universal (e.g., Hildebrandt et al. 2016; Isari et al. 2016), OA-induced 
changes in food type availability (Galloway and Winder 2015; J.R. Bermúdez et al. 2016) or food 
quality (Rossoll et al. 2012; Leu et al. 2013a; Wynn-Edwards et al. 2014; Meyers et al. 2019) could 
drastically affect copepod growth (Pedersen et al. 2014), production (Rossoll et al. 2012; Meyers 
et al. 2019), prey ingestion (Li and Gao 2012), and energy transfer to higher trophic levels 





(Rossoll et al. 2012; Schoo et al. 2013). This would not only affect copepod recruitment and 
population structure, but also the flow of energy and critical nutrients (e.g., essential fatty acids) 
through entire food webs.  
Like acidification, ocean warming is expected to both directly and indirectly affect copepods at 
the individual and population level. Consistent with poikilotherm ecological metabolic theory 
(Brown et al. 2004), rates of grazing and respiration for individual copepods typically increase 
with temperature up to an optimum, beyond which they plateau or decrease (Green and Chapman 
1977; Deason 1980; Hirche 1987; Garrido et al. 2013). However, it has been difficult to 
confidently determine the role of temperature on grazing rates observed in the field where other 
factors influence the response, including the overlap of direct and indirect effects (Saiz and Calbet 
2011). Temperature has been shown to influence prey selection by copepods, both directly due 
to an increased demand for metabolic carbon at higher temperatures (Boersma et al. 2016; Hu et 
al. 2018) and indirectly due to temperature-driven changes in prey quality that mismatch with 
consumer nutritional needs and body stoichiometry (Van De Waal et al. 2010; Mathews et al. 
2018). Accordingly, it can be hypothesised that interactive biological effects of temperature on 
baseline trophic interactions may underpin the population-level responses of copepods to 
warming seas that have already been observed, such as phenological changes in peak biomass 
timing (Richardson 2008) and decades of poleward biogeographical shifts (Beaugrand et al. 
2002; Beaugrand and Reid 2003).  
Future ocean conditions also have the potential to affect the interactions between zooplankton 
and their prey by inducing trophic switches. Trophic trait diversity within the plankton 
community (e.g. autotrophs, mixotrophs, heterotrophs) allows energy to be transferred to higher 
trophic levels via many different pathways, though not all pathways are equal regarding trophic 
transfer efficiency and carbon flux (Steinberg and Landry 2017). Environmental conditions such 
as nutrient concentrations, light, and temperature have been shown to induce shifts in plankton 





trophic networks (Aberle et al. 2012; Lewandowska et al. 2014; Stibor et al. 2019). Typically, such 
shifts were driven by changes in average cell size of the phytoplankton community since 
phytoplankton size is a key trait that influences copepod prey preference, and hence grazing 
pressure, within a food web (Stibor et al. 2019). In addition, some studies showed evidence of 
temperature effects on trophic switches beyond size-selective grazing (Peter and Sommer 2012). 
Understanding trophic switches under future environmental conditions is important because this 
mechanism can have far-reaching implications for energy transfer and carbon fluxes within 
marine ecosystems. 
Investigations of zooplankton trophic interactions under future climate scenarios are especially 
warranted for New Zealand, around which all coastal waters are warming (Sutton and Bowen 
2019) and the country’s economically and culturally important aquaculture industries are 
threatened by acidification (Macdiarmid et al. 2012; Capson and Guinotte 2014; Law et al. 2017). 
The aim of this study was to determine how zooplankton grazing behaviour, a critical process in 
coastal marine ecosystems, is affected by ocean warming and acidification. Using a mesocosm-
based experimental design consisting of one control and two combined OA and warming future 
treatments, a series of copepod grazing incubations were carried out on a natural prey 
community from Evan’s Bay, New Zealand. Traditional zooplankton grazing methods were used 
to answer the question: how do future climate conditions affect copepod grazing on a natural prey 
community? Because previous similar studies have reported a range of responses of copepod 
grazing behavior to warming and acidification and we know little about the responses to 
combines stressors, it is difficult to make predictions about copepod grazing rates under future 
conditions. If copepods subjected to acidification experience physiological stress associated with 
maintaining acid-base balance, they may increase their ingestion rates to compensate for the 
increased energy demand. In addition, the metabolic theory of ecology would predict that 
increased temperature at the level implemented within the mesocosm treatment would result in 
increased grazing rates due to the increased kinetic energy of the system. Therefore, it was 





predicted that the grazing responses and associated trophic interactions of copepods subjected 
to the warm and acidified conditions of the Year 2100 treatment would differ from those of the 
Control treatment. 
Furthermore, the methods used included an adaptation of the dilution method (Landry and 
Hassett 1982) and were based on prey disappearance and balances between prey growth and 
mortality during copepod incubations (Frost 1972). It is of note that the methods were originally 
developed for the oligotrophic open ocean rather than highly productive systems such as that of 
this coastal mesocosm study. Regardless, they are still the best methods available to investigate 
the questions posed in the present study. However, given differences in natural productivity 
between coastal systems and those for which these methods were designed, there was potential 
for limitations linked to the prey disappearance calculations upon which these methods are 
based. Specifically, if assumptions of the methods are not met (outlined in the Methods section 
below), experimental conditions could be such that calculated estimates of copepod grazing are 
negative values, rather than positive. While they indicate that the complexity of the experimental 
system was not fully captured by the methods, negative rates can be interpreted as a broader 
reflection of the network of interactions and feedback responses in natural plankton food webs 
(e.g., Calbet et al. 2011; Calbet and Saiz 2013), and are not to be discounted should they result 
from copepod grazing incubations. Results from the present study help to inform us of potential 
food web effects of climate change in coastal regions and enhance our understanding of broader 
ecosystem trophic dynamics under future ocean conditions. 
3.3 Methods 
3.3.1 Mesocosm structure and experimental design 
The present study was carried out within the third mesocosm experiment (ME3) conducted as 
part of the Coastal Acidification: Rates, Impact, and Management (CARIM) project, a larger 





collaboration headed by the New Zealand National Institute of Water and Atmospheric Science 
(NIWA). ME3 took place in November 2017 in an outdoor pool at NIWA, Wellington, NZ (-
41.301249, 174.804990) (Fig 3.1) and ran for 22 days.  
 
 
Figure 3.1 Map of New Zealand with boxed area showing study site location of the mesocosm experiments at 
NIWA Wellington, New Zealand. 
 
The pool (4 m depth) accommodated nine 4,000-L mesocosm bags (Fig 3.2A) that were 3.7 m tall 
with 1.2 m internal diameter (Fig 3.2B). Each were fitted with a solid plastic base (lower former) 
and a transparent Perspex® lid attached to an upper former (Fig 3.2B). Each bag was covered 
with a shade screen and filled with water from nearby Evan’s Bay. Water was not screened during 
the filling process in order to include the natural plankton community in the mesocosm bags, 
though it is likely some fragile micro- or mesozooplankton were damaged during this process. 





The space between the lid and the water level in the bags accommodated a headspace and an 
integrated mixing system to ensure vertical uniformity in water properties and control of pH via 
a CO2 diffuser and control of temperature via a heat exchange unit (Fig 3.2B) (Law et al. 2020). 
 Three target environmental treatments were implemented in triplicate: 1) Control (15.6 °C, pH 
8.02), 2) Year 2100 (18.2 °C, pH 7.69), and 3) Year 2150 (20.1 °C, pH 7.52) (Fig 3.2C). Temperature 
and pH were monitored continuously in all bags and controlled in the treatment bags by a 
Labview software system. Any changes in pH or temperature that were detected by the pH and 
temperature sensors were relayed to the Labview system. The Labview system then responded 
to these changes by readjusting pH via CO2 injection through permeable diffusion coil (Fig 3.2B) 
and temperature via a heating element (Fig 3.2B). An Exosonde system that incorporated sensors 
for temperature, pH, dissolved oxygen, salinity, and fluorometry was connected to an in-line 
system that pumped water from each bag every hour so that environmental conditions were 
monitored continuously and any issues could be rapidly identified and remediated (Law et al. 
2020). 
Nutrients were added daily at replete concentrations. Light irradiance, temperature, salinity, pH, 
and nutrient information is included in Supplementary Fig A3. Unfortunately, Bags 2, 4, and 9 
became structurally compromised and were subsequently excluded from our analyses.  






Figure 3.2 Photo of mesocosm set up (A), diagram of bag specifications (B) and schematic of experimental design 
for ME3 (C). The experiment consisted of nine bags (numbered circles) and three experimental treatments: Control 
(blue), Year 2100 (yellow), and Year 2150 (orange).. Figures A and B adapted from Law et al. (2020). 
 
The bags were initially overflowed for a minimum of 24h to ensure thorough flushing. The pH 
and temperature were then adjusted to target values in the treatment bags over the following 
24-36h, after which sampling was carried out for 20 days. The first day of sampling was 
designated as Day 0 (Law et al. 2020).   
 





3.3.2 Zooplankton grazing incubations 
Three 24-hour zooplankton grazing incubations were conducted on days 10, 17, and 21 of the 
mesocosm experiment. All nine mesocosm bags were used for Incubation 1, but grazing data from 
Bag 1 was eliminated due to sampling error. In response to  bag failures towards the beginning of 
the experiment, incubation triplicates were pooled into Bags 3, 6, and 9 (one from each 
treatment) for Incubations 2 and 3. However, because two of the three bags from the Year 2150 
treatment were later eliminated from analysis (Bags 1 and 9), no results from this treatment are 
presented. Various experimental design differences among the three incubations are summarized 
in Table 3.1.  
Table 3.1 Summary of the three grazing incubations carried out during the mesocosm experiment. 
Timing during 
mesocosm experiment 

















    






















3.3.2.1 Copepod collection 
Incubations 1 and 2 each used different species of freshly caught copepods collected from Evan’s 
Bay near NIWA Wellington. Calanoid copepods Temora turbinata was used for Incubation 1 and 
Paracalanus sp. was used for Incubation 2. Both T.  turbinata and Paracalanus sp. are common 
species found within zooplankton assemblages in New Zealand coastal waters (Jillett 1976; 
Foster and Battaerd 1985). These copepods were collected using multiple surface plankton net 
tows (200 μm mesh) deployed from a pier. Tow contents were immediately brought back to the 
laboratory for sorting. Individuals of the copepod species of interest were selectively picked out 





using a glass or plastic pipette and placed into filtered seawater until sufficient numbers were 
obtained. The mesozooplankton grazers used for Incubation 3 were not collected from Evans bay, 
but rather a subsample of the natural mesozooplankton grazer community (mostly calanoid and 
cyclopoid copepods) already established within the mesocosms. Using a mixture of natural 
grazers for the last incubation allowed us to estimate whole community grazing in comparison to 
the individual grazers used in Incubations 1 and 2. The mixed community grazers were collected 
on the morning of the start of Incubation 3 using a single vertical plankton net tow from each 
mesocosm, and subsamples of tow contents were then distributed as evenly as possible among 
the experimental incubation jars. In order to even out grazing pressure in all incubations, grazer 
numbers were adjusted based on size by adding more individuals if they were smaller  and fewer 
if they were larger. Numbers of individuals added for Incubation 3 are shown in Table 3.4. 
However, because a natural mixed grazer community was used, there were some inevitable 
differences in the number and type of grazers among the experimental incubation jars. 
3.3.2.2 Copepod preconditioning period 
Copepods collected from Evans bay (Incubation 1 and Incubation 2) were preconditioned for 24 
h in each of the mesocosm bags before the start of a grazing incubation. There was no need for a 
preconditioning period leading up to Incubation 3 because the mesozooplankton grazer 
community already had been conditioned for ~20 days in the experimental treatments. For the 
preconditioning period, previously sorted copepods (either n=4 copepods L-1 for T. turbinata in 
Incubation 1 or n=7 copepods L-1 for Paracalanus sp. Incubation 2) were distributed in each of 
nine 1-L plastic jars, each jar containing water sampled from the respective mesocosm bag. Jars 
were topped up with mesocosm water so there was no headspace and then sealed with Parafilm® 
and a screw top lid to ensure no air bubbles formed. Each jar was then placed in a nylon mesh 
stocking and suspended roughly 1 m from the top of each mesocosm for 24 h. After the 24 h 
preconditioning period, jars were retrieved and ~80% of the water in the jars was gently 
siphoned off using silicon tubing with 200 μm mesh covering one end. This technique gently 





excluded copepods from being siphoned off and allowed them to remain in the jars with minimal 
handling. Copepods were then gently transferred into filtered seawater before being added to jars 
containing fresh mesocosm water for the immediate set up of the copepod grazing incubations.  
3.3.2.3 Copepod grazing incubations 
The design of each grazing incubation incorporated the dilution method (Landry and Hassett 
1982) to account for the impact of microzooplankton grazing on the response of copepod grazing 
because microzooplankton were naturally present in the mesocosm water used for incubations. 
As such, each replicate grazing incubation consisted of three 1 L plastic jars as illustrated in Fig 
3.3. The first jar was filled with 100% mesocosm water and served as a control for phytoplankton 
growth (hereafter referred to as the Control jar). The second jar was filled with 30% mesocosm 
water + 70% filtered mesocosm water (0.2 μm Supor Acropak capsule filter) and served as a 
control for microzooplankton grazing (Landry and Hassett 1982; Nejstgaard et al. 2001) 
(hereafter referred to as the Dilution jar). The third jar was filled with 100% mesocosm water 
with the addition of copepods and served as the experimental grazing incubation jar (hereafter 
referred to as the Copepod jar). All jars were topped up so there was no headspace and then 
sealed with Parafilm® and a screw top lid to ensure no air bubbles formed, as was done for the 
preconditioning period. The three jars (Control, Dilution, and Copepod jars) were stacked 
vertically, placed into a nylon mesh stocking, and suspended roughly 1 m from the top of each 
mesocosm bag for 24 h (Fig 3.3). When the stacked jars were placed in the mesocosm bag, they 
did not stay in a vertical position. Instead, they maintained a neutrally buoyant horizontal 
position and moved around within the mesocosm bag such that all jars experienced the same light 
levels. At the time of jar deployment, a subsample of the mesocosm water used to fill each of the 
incubation jars was analysed to characterise the initial prey community. 
After the 24 h incubation period, jars were retrieved and brought back into the laboratory for 
sampling. Water samples (250 ml) were taken from each jar for analysis of the final prey 





community. Copepod vitality, seawater temperature, and seawater pH were also recorded for 
each jar at the time of final sampling. Copepod vitality was determined by observing strong 
swimming behaviour and responses to gentle touch stimulus with the tip of a glass pipette. 
Temperature and pH were measured using a Sensorex S150C pH probe (Garden Grove, CA, USA).  
 
Figure 3.3 A) Schematic of the grazing incubation experimental design following the dilution method (Landry & 
Hassett 1982). During Incubation 1, incubation jars in nylon mesh stockings were suspended from each of the nine 
mesocosm bags. During Incubations 2 and 3, the incubation jars were pooled in triplicate (“A”, “B”, and “C”) into 
only three of the nine mesocosm bags (one from each treatment) due to bag failure. Note that jars did not stay in 
a vertical position as depicted in the schematic. Instead, they maintained a neutrally buoyant, horizontal position 
and moved around within the bag such that all jars experienced the same light levels. B) Photo showing the 
attachment of a preconditioning jar in a nylon mesh stocking to the top of a mesocosm bag. 
 
3.3.3 FlowCam sample analysis 
All water samples were analysed for prey particle concentration and compositional 
characteristics using a FlowCam particle imaging machine (Fluid Imaging Technologies, Inc.) 
fitted with a 300μm flow cell and 10x objective lens. Samples (250 ml) were concentrated before 











until only about 7 ml of the sample remained above the filter. Using 0.2-μm filtered seawater (0.2 
μm Supor Acropak capsule filter), the sample retained by the filter was then washed into a 15-ml 
falcon tube and brought up to 10 ml total volume. Each concentrated sample was then gently 
mixed before being dispensed through the FlowCam. 
3.3.4 FlowCam image analysis  
FlowCam particle image files from each sample were analysed using Visual SpreadSheet (Fluid 
Imaging Technologies, Inc. software version 4.14.6) (Fig 3.4). Particle images were grouped into 
the following six prey categories, in addition to total particles: 2-5 μm area-based diameter (ABD), 
5-20 μm ABD, 20-50 μm ABD, low aspect ratio (0-0.25), high aspect ratio (0.75-1), and 
microzooplankton. Visual Spreadsheet correlates a low aspect ratio with uneven dimensions (i.e. 
long, narrow particles such as pennate diatoms) (Fig 3.4A) and high aspect ratio with even 
dimensions (i.e. circular particles such as ciliates) (Fig 3.4B). Images from each sample were 
quality controlled for erroneous particles (e.g., fibers, detritus, etc.) before further filtering for the 
specific group characteristics mentioned above and obtaining the group summary statistics. The 
mean ABD volume (μm3) of each group was then used to convert particle volume and abundance 
to carbon biomass using the following conversion equations from Menden-Deuer and Lessard 












Figure 3.4 Examples of low aspect ratio prey (A), high aspect ratio prey (B), and microzooplankton prey (C) from 
the FlowCam using Visual Spreadsheet software. 
 
3.3.5 Calculating estimates of zooplankton grazing 
The final estimates of copepod grazing presented here result from a stepwise series of 
calculations that are based on differences in phytoplankton growth among the three jars of our 
incubation set up: Control, Dilution, and Copepod. This series of calculations was performed for 
each prey type to decipher differences in feeding rates among prey groups and among 
environmental treatments. A summary of the main workflow is illustrated by Fig 3.5. Details of 
the workflow are described in the sections that follow.  






Figure 3.5 Visual summary of main workflow used to calculate copepod clearance and ingestion rates based off 
corrected copepod grazing rates. 
 
3.3.5.1 Phytoplankton growth 
First, changes in phytoplankton concentration were determined from exponential growth 
equations presented in Frost (1972), 
(Equation 3.3) 
 
where P1 and P2 are phytoplankton concentrations in the Control jar at the beginning and end of 
the incubation, respectively, ka is the apparent phytoplankton growth constant (or growth rate), 
and t is incubation time. For this study t equals 1 (1 day), therefore this variable has been removed 
from some of the following equations for simplicity. When simplified and solved for ka, we arrive 
at 
• Difference in 
phytoplankton growth 
between the Control 




• Function of the linear 
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3.3.5.2 Uncorrected copepod grazing rates 
Then, the apparent algal growth constant ka was used to determine the copepod grazing 
coefficient, gcop, from 
(Equation 3.5) 
 
where P1* and P2* are phytoplankton concentrations in the Copepod jar at the beginning and end 
of the incubation, respectively (Frost 1972). When the equation is solved for gcop, it can be seen 
how the copepod grazing coefficient results from the difference in apparent phytoplankton 
growth rates between the Control and Copepod (designated by *) jars,  
(Equation 3.6) 
 
 which can then be simplified to 
(Equation 3.7) 
 
In other words, implementation of the model represented by these calculations relies on the 
assumption that by measuring the disappearance of prey, we measure the prey that was grazed. 





3.3.5.3 The dilution method  
Microzooplankton grazing rates were calculated as an intermediary step to correct for the impact 
of microzooplankton grazing on the response of copepod grazing. These rates were calculated 
following the two-point modification (Landry et al. 1984; Landry et al. 2008; Landry et al. 2011; 
Chen 2015) of Landry & Hassett’s original dilution method (Landry and Hassett 1982), which 
requires three assumptions: 1) phytoplankton growth in the Dilution jar is equal to that in the 
Control jar, meaning that the concentration of nutrients after dilution is not limiting, 2) ingestion 
of phytoplankton increases linearly as consumer density increases, meaning that consumers are 
not food-satiated in the Control jar, and 3) an increase or decrease in phytoplankton density is 
adequately represented by the exponential growth equation (Frost 1972; Equation 3.3). 
Microzooplankton grazing rates result from the negative of the linear regression relationship 
between the apparent phytoplankton growth constants ka and kaD in the Control and Dilution jars 
(designated by D), respectively (Equations 3.3 and 3.8), when plotted against their respective 
fraction of unfiltered seawater (see Fig 3.6). 
(Equation 3.8) 
 
In the present study, the y-intercept of the linear relationship between the two apparent 
phytoplankton growth rates, ka and kaD, is the actual phytoplankton growth rate in the absence of 
grazers, k, and the negative slope of the line is the grazing coefficient for microzooplankton, gmic 
(Fig 3.6). 






Figure 3.6 Theoretical schematic of the dilution method. The terms kaD and ka represent the apparent phytoplankton 
growth rates at diluted and undiluted (i.e., control) concentrations, respectively. The slope of the line between kaD 
and ka represents the negative of the microzooplankton grazing rate, gmic. The term k represents the actual 
phytoplankton growth rate. 
Because the present study implemented the two-point dilution method (Landry et al. 1984; 
Landry et al. 2008; Landry et al. 2011; Chen 2015), gmic was determined using the point-slope 
equation of the line, 
(Equation 3.9) 
 
where s and sD are the fraction of unfiltered seawater in the Control and Dilution jars, respectively. 
The actual phytoplankton growth rate (y-intercept), k, can then be calculated from the linear 
equation of the line,  
(Equation 3.10) 
 
3.3.5.4 Corrected copepod grazing rates 
After calculating microzooplankton grazing rates, methods following Nejstgaard et al. (2001) 
(Equations 3.11-3.14) were used to incorporate gmic into the original gcop (Frost 1972; Equation 
3.7) and achieve a corrected copepod grazing rate designated as gcop.corr that takes into account the 
impact of microzooplankton grazing on copepod grazing in the incubation system.  













Here, K is the correction factor for the loss of microzooplankton grazing on a certain prey type in 
the copepod jar. The term gmic is the microzooplankton grazing coefficient calculated from the 
dilution method, and c̅ and c̅* are the average concentrations of microzooplankton (μg C L-1) in 
the Control and Copepod (*) jar, respectively. The term c1 represents the concentration of 
microzooplankton at the start of the incubation, which is the same for both jars, while c2 and c2* 
are the concentrations of microzooplankton at the end of the incubation in the Control and 
Copepod jar, respectively. The gcop.corr values were then used to calculate copepod clearance rates 













For clearance rate (F), V is the volume in liters of the copepod jar, gcop.corr is the corrected copepod 
grazing rate, and N is the number of copepods in the copepod jar. Ingestion rate (I) is the product 
of [P], which is the average concentration of phytoplankton (μg C L-1), and F. 
3.3.5.5 Measure of electivity 
Copepod prey selection for each prey type was calculated using Chesson’s index of selectivity (α) 
(Chesson 1983), which indicates the probability of capturing different prey types based on the 
relative availability of different prey types in the environment: 
(Equation 3.18) 
 
where ri is the proportion of prey type i in the diet, pi is the proportion of prey type i in the 
environment, and Σrj/pj is the sum of diet-environment relationships for all prey types within a 
prey group (e.g., prey types low aspect ratio and high aspect ratio within the “prey shape” prey 
group).  
Vanderploeg and Scavia’s electivity index, E* (Vanderploeg and Scavia 1979) was then calculated, 
which uses Chesson’s α as a selectivity coefficient and is based on the number of available prey 
types (n) within a prey group. 
(Equation 3.19) 
 
For the present study, three prey types were designated within the prey size group (2-5 μm, 5-20 
μm, and 20-50 μm), two prey types within the prey shape group (low AR and high AR), and two 





prey types within the prey type group (phytoplankton and microzooplankton). Using 
Vanderploeg and Scavia’s E* has advantages over α because it is relative to the number of 
available food types and its possible values conveniently range from -1 (prey discrimination) to 
1 (prey preference), and zero represents random feeding (Lechowicz 1982).  
3.3.6 Statistical analysis 
One-way ANOVAs followed by Tukey’s HSD post-hoc tests were used to determine significant 
differences in grazing rate means among treatments in the three incubations. Significance was 
defined by a p-value<0.05. All analyses were performed within the R tidyverse package statistical 
framework (Wickham 2017).  
3.4 Results 
3.4.1 Mesocosm development 
3.4.1.1 pH, temperature, and nutrients 
Six of the nine mesocosm bags maintained the target temperature and pH conditions for the full 
duration of the experiment (Supplementary Table A12), and these parameters showed very little 
variance among bags. Initial mean temperature for both treatments was 15.4 °C on Day 0, then 
during the rest of the experiment it fluctuated between 15.5 °C and 16.3 °C in the Control and 
between 16.2 °C and 18.1 °C in the Year 2100 treatment (Fig A3). Mean pH for both treatments 
increased slightly and, in general, steadily over the duration of the experiment. Mean pH in the 
Control varied between 7.95 and 8.12, and, after reaching target pH on Day 2, mean pH in Year 
2100 varied between 7.57 and 7.72 (Fig A3). 
Nitrate, ammonia, phosphate, and silicate concentrations also showed little variability among 
bags, and were not significantly different among treatments (Supplementary Table A12). 
Photosynthetically active radiation (PAR) generally fluctuated daily because the experiment took 





place in an outdoor mesocosm setting with natural light conditions. PAR was highest on Day 20 
(738.59 μmol m-2 s-1) and lowest on Day 2 (195.72 μmol m-2 s-1) (Supplementary Fig A3). 
3.4.1.2 Prey field characteristics and succession 
The copepod prey field was classified into the following three prey groups and respective prey 
types: 1) prey size (2-5 μm, 5-20 μm, and 20-50 μm), 2) prey shape (low aspect ratio and high 
aspect ratio), and 3) prey type (phytoplankton and microzooplankton). 
This mesocosm experiment was characterised by three distinct production phases in terms of 
Chl-a and particulate carbon: Phase I – Adjustment (Days 0-6), Phase II – Plateau (Days 7-13), and 
Phase III – Growth (Days 14-22) (Fig 3.7). 
 
Figure 3.7 Total particulate carbon (µg C L-1) in the prey field over the 22-day Mesocosm Experiment 3 in the 
Control (blue) and Year 2100 (yellow) treatments. Solid lines represent treatment averages. Dotted or dashed lines 
represent individual mesocosm bags (i.e. treatment replicates). Black squares represent the timing of each 24-h 
copepod grazing incubation during the mesocosm experiment. 
 





Overall, the copepod prey field in terms of size and shape differed between the Control and Year 
2100 treatments, but the difference depended on experiment day and sometimes the two bags 
within the same treatment showed different results (e.g. Cylindrotheca and Gymnodinium) (Fig 
3.8). There was no difference in the progressions of the 5-20 μm and 20-50 μm size classes 
between the Control and Year 2100 treatments, while the 2-5 μm size class increased more in the 
Control than the Year 2100 treatment over the course of the 22-day experiment. Microscopy (not 
shown) and FlowCam analysis revealed that, after Incubation 1, the pennate diatom 
Cylindrotheca, a low aspect ratio prey, increased in the Year 2100 treatment but not in the Control 







Figure 3.8 Biomass for different size groups (% volume) and certain taxa (μg C L-1) comprising the prey field during 
the 22-day Mesocosm Experiment 3. Control treatment is shown in blue, and Year 2100 treatment is shown in 
yellow. Solid lines represent treatment average. Dotted or dashed lines represent individual mesocosm bags (i.e. 
treatment replicates). 
 
Because the grazing incubations took place across Phase II (Incubation 1) and Phase III 
(Incubations 2 and 3), the initial prey communities differed from one incubation to the next (Fig 





3.9). For example, by the time Incubations 2 and 3 took place, the concentration of low aspect 
ratio prey in Year 2100 exceeded the concentration of prey of this shape in the Control (Fig 3.9). 
 
Figure 3.9 Initial carbon content of the prey field (μg C L-1) in the Control treatment (blue) and Year 2100 treatment 
(yellow) jars for Incubations 1, 2, and 3 during Mesocosm Experiment 3. Initial carbon concentrations are the same 
in all treatment replicates for Incubations 2 and 3 because only one mesocosm bag from each treatment was used.  
 
Low aspect ratio prey (low AR) were largely dominated by pennate diatom Cylindrotheca (Fig 
3.4A). High aspect ratio prey (high AR) were mainly comprised of small flagellates and some 
microzooplankton (Fig 3.4B). The microzooplankton community consistently comprised mainly 
of ciliates and mixotrophic and heterotrophic dinoflagellates (Fig 3.4C).  
3.4.2 Zooplankton grazing 
3.4.2.1 Net grazing on phytoplankton 
Copepods on average ingested more carbon from the total prey field in the Control compared to 
Year 2100 in Incubation 1 (Fig 3.10), though significance could not be tested due to a sample size 
of 2 in each treatment (Table 3.2). The same pattern was observed in Incubation 3 (Fig 3.10) (p-





value=.001), and mean ingestion rates for copepods in the Year 2100 treatment in Incubation 3 
were negative (-10.41 μg C ind-1 day-1) (Fig 3.10). Mean ingestion rates in Incubation 2 were 
negative for both treatments, but copepods in the Year 2100 treatment had a less negative mean 
ingestion rate (-9.50 μg C ind-1 day-1)  than copepods in the Control (-14.80 μg C ind-1 day-1) (Fig 
3.10). ANOVA outputs for Incubations 2 and 3 are shown in Tables A13 and A14, respectively. 
 
Figure 3.10 Copepod clearance (L ind-1 day-1) and ingestion rates (μg C ind-1 day-1) on the total prey field in the 
Control treatment (blue) and Year 2100 treatment (yellow) for Incubation 1, 2, and 3 of Mesocosm Experiment 3. 
Each bar represents a single treatment replicate. 
 
Furthermore, ingestion rates suggest Control copepods removed on average 41% of the total prey 
standing stock in Incubation 1 (T. turbinata), and Year 2100 copepods removed less (only 21%). 
(Table 3.2). In Incubation 2 (Paracalanus sp.), copepods appeared to increase the standing stock 
in both treatments by unrealistic averages of 875% in the Control and 146% in Year 2100 (Table 
3.3). In Incubation 3, mixed community Control copepods removed an average of 6% of total prey 
standing stock, and Year 2100 copepods did not remove but rather increased the standing stock 
by 76% (i.e., negative removal) (Table 3.4).  





3.4.2.2 Prey selection 
Some significant differences in clearance and ingestion rates were observed among individual 
prey types in the total prey field, though these results should not be considered true indications 
of selectivity because they are not normalized to relative availability of prey in the prey field. In 
Incubation 1, T. turbinata in the Year 2100 treatment had significantly lower clearance rates on 
the total prey field (0.07 ± 0.02  L ind-1 day-1) and the 5-20 μm size class (0.06 ± 0.01 L ind-1 day-1) 
compared to T. turbinata in the Control (0.19 ± 0.01 L ind-1 day-1 and 0.17 ± 0.01 L ind-1 day-1, 
respectively) (p-values<0.05) (Table 3.2). In Incubation 3, mixed copepod community clearance 
and ingestion rates on low aspect ratio prey in the Control (0.01 ± 0.04 L ind-1 day-1 and 0.00 ± 
0.15 μg C ind-1 day-1) were significantly different from those in the Year 2100 treatment (-0.18 ± 
0.03 L ind-1 day-1 and -5.31 ± 1.23 μg C ind-1 day-1) (p-values<0.01) (Table 3.4). In Incubation 3, 
significant treatment differences were also detected in community copepod grazing regarding the 
5-20 μm size class (clearance p-value<0.01, ingestion p-value<0.001), and the total prey field 
(clearance p-value<0.01, ingestion p-value<0.001) (Table 3.4). No significant treatment 
differences were observed for Paracalanus sp. grazing in Incubation 2. 
Values of Vanderploeg and Scavia’s electivity index, E*, range between -1 (discrimination) and 1 
(preference), and zero indicates random feeding. Results were patchy due to mathematical 
limitations of using a data set with high instances of negative rates, such as in Incubation 2. 
Therefore, statistical tests were not carried out on values of E*, and trends of E* are presented as 
the best estimates of prey preference for only some of the incubations, treatments, and prey 
groups. In Incubation 1, T. turbinata in both Control and Year 2100 seemed to randomly ingest 
prey from the small (2-5 μm) and medium (5-20 μm) size types but on average avoided larger 
prey (20-50 μm) (Fig 3.11A). T. turbinata in the Control from Incubation 1 also showed no 
preference between low AR and high AR prey shapes, but copepods from Year 2100 discriminated 
against low AR and preferred high AR shaped prey (Fig 3.11B). E* values also indicate T. turbinata 
preferred microzooplankton over phytoplankton in the Control, but preferred phytoplankton 





over microzooplankton in Year 2100 (Fig 3.11C). E* values were more varied for prey type (i.e. 
microzooplankton vs phytoplankton) in Year 2100 than in the Control (Fig 3.11C).  
 
Figure 3.11 Electivity Index values (Vanderploeg & Scavia) for copepods grazing on different prey sizes, prey 
shapes, and prey types in the Control treatment (blue) and Year 2100 treatment (yellow) in Incubations 1, 2, and 3 
of Mesocosm Experiment 3. Values approaching 1 indicate preference, values approaching -1 indicate avoidance, 
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Table 3.2 Growth and grazing summary for Mesocosm Experiment 3 Incubation 1. Mean values are shown +/- standard deviation. Statistical significance was not 
tested due to n=2 for each treatment.  
 



























































































































































































































































































































Phytoplankton Microzooplankton Copepods (Paracalanus sp. )


























































































Table 3.3 Growth and grazing summary for Mesocosm Experiment 3 Incubation 2. Mean values are shown +/- standard deviation. ANOVA *p-value<0.05; **p-
value<0.01; ***p-value<0.001. See Table A13 for detailed ANOVA output. 
 






























































































































































































































































































































































Phytoplankton Microzooplankton Copepods (mixed mesocosm community)
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Table 3.4 Growth and grazing summary for Mesocosm Experiment 3 Incubation 3. Mean values are shown +/- standard deviation. ANOVA *p-value<0.05; **p-
value<0.01; ***p-value<0.001. See Table A14 for detailed ANOVA output. 
  





3.5 Discussion  
Over the course of the 22-day mesocosm experiment, three sequential short-term grazing 
incubations were carried out designed to assess effects of future environmental conditions on 
copepod feeding behaviour. Traditional measures of copepod grazing were used including 
clearance and ingestion rates (Frost 1972) that were corrected for estimated microzooplankton 
grazing impact (Landry and Hassett 1982; Nejstgaard et al. 2001). These rates are shown in 
Tables 3.2-3.4 and Fig 3.10 and represent net ingestion of prey by copepods during the 
incubations, the results of which are discussed below. During analysis it became clear that, while 
the best methods available to produce these measures were implemented, using calculations of 
prey disappearance to model copepod grazing in the system had limitations that hindered the 
ability to treat results as true estimates of the grazing that occurred inside the incubation jars. 
For example, calculations produced multiple negative clearance and ingestion rates, yet negative 
grazing is an impossible behaviour that cannot be extrapolated to the field. This indicates that the 
experimental ecological system was not representative of the model ecological system for which 
these methods were intended. For this reason, here I discuss directly what the results can and 
cannot tell us about zooplankton grazing rates from the mesocosm experiment. Nevertheless, a 
broader interpretation of the results in light of the disappearance model framework, revealed 
unique responses within the complex network of plankton systems (illustrated by Fig 3.12), 
which are explored below. Through this lens, results from the present study suggest climate-
induced changes in prey-field dynamics and plankton interactions could indirectly drive changes 
in energy flow pathways in coastal plankton communities.  
Instances of negative copepod grazing rates are not unique to the results of the present study and 
have been found in numerous other studies (e.g., Calbet et al. 2011; Schmoker et al. 2013; York et 
al. 2014; Stoecker et al. 2015). When negative rates do appear in results, there is no consistent 
way of reporting them. Many studies automatically convert these numbers to zero, which is 





necessary for conducting some subsequent calculations such as electivity indices. However, this 
conversion can make it falsely appear as though zero grazing was occurring when in fact that may 
not be the case. Instead, negative rates are likely important indications that different types of 
grazing were occurring or additional trophic interactions were present than those originally 
anticipated, such as the additional copepod-copepod link discovered in York et al. (2014), even if 
these present limitations on how they can be interpreted (Calbet et al. 2011). The authors of 
Calbet et al. (2011) call for “the need for presenting negative rates, when these are not consequences 
of evident mistakes or artefacts” because “only with a whole picture of the existing data, we will be 
able to extract solid conclusions on the dynamics of marine systems”. For this reason, I chose to 
present all of the negative rates as they are without eliminating them or converting them to zero.  
 
Figure 3.12 Some potential interactions and feedbacks present in the incubation jars. Numbered arrows 
correspond with numbered text. Drivers of growth are shown by green arrows positioned to the left. Drivers of 
mortality are shown by red arrows positioned to the right. 
 





3.5.1 Interpreting estimates of copepod grazing: rates and electivity 
Results from Incubation 1 can be viewed as accurate estimates of copepod grazing activity 
because i) there is no reason to suspect methodological error, ii) copepod grazing rates were 
corrected for the influence of microzooplankton grazing (Nejstgaard et al. 2001), and iii) the rates 
were positive, indicating that the methodological assumptions were met. Average clearance rates 
from Incubation 1 (0.19 and 0.07 L ind-1 day-1 in the Control and Year 2100 treatments, 
respectively) are consistent with those reported in the literature for T. turbintata of around 0.1-
0.2 L ind-1 day-1 (Gentsch et al. 2009; Chang et al. 2014). Both clearance and ingestion rates from 
Incubation 1 suggest that net grazing of copepod T. turbinata may have been adversely affected 
by Year 2100 conditions because, on average, copepod individuals grazed less on the total prey 
field in Year 2100 (1.78 μg C ind-1 day-1) compared to the Control (6.26 μg C ind-1 day-1) though 
this difference could not be tested for significance because mean values were only derived from 
two replicates (Fig 3.10, Table 3.2). 
Conversely, results from Incubations 2 and 3 cannot be viewed in the same way because the 
prevalence of negative rates indicates methodological assumptions were in some way violated. 
In Incubation 2, average grazing rates of Paracalanus sp. were negative in both the Control (-14.80 
μg C ind-1 day-1) and Year 2100 (-9.50 μg C ind-1 day-1) treatments (Fig 3.10, Table 3.3), and they 
were not significantly different between the treatments. While Paracalanus sp. do typically have 
lower clearance rates than T. turbinata that are around 0.2-0.15 L ind-1 day-1 (Checkley 1980; 
Suzuki et al. 1999), these negative rates are not necessarily evidence that Paracalanus had lower 
grazing rates in both treatments of Incubation 2 compared to T. turbinata in Incubation 1 because, 
as mentioned above, methodological assumptions were violated.  
Incubation 3 showed a different pattern, in which there was a significant difference between the 
positive grazing rates of the mixed community of copepods in the Control and the negative rates 
of the mixed community of copepods in the Year 2100 treatment. First, it is worth first 





considering that differences between the incubated copepod communities may have contributed 
to the significant difference in grazing response since fewer grazers were added to the Year 2100 
incubation jars (n=3-5) compared to the Control jars (n=10-18). This was done in order to 
mediate bias in grazing pressure because there were apparent differences in the sizes of 
individuals collected from the mesocosm bags between the two treatments (larger individuals in 
the Low pH treatment compared to the Control), and larger copepods typically have higher 
grazing rates per individual than smaller copepods (Barquero et al. 1998). Microscopic analysis 
of the zooplankton community showed harpacticoid copepods, in particular Euterpina sp., and 
copepod nauplii dominated the communities in both treatments (Fig 3.13). The abundances of 
individuals in the mesocosm bags were higher in the Control treatment (Bag 6) compared to the 
Year 2100 treatment (Bag 3), but relative community compositions were similar (Table 3.5). Even 
though adjusting the grazer numbers due to size somewhat altered the natural density of the 
zooplankton communities found in the mesocosm bags, the final grazer densities in the 
incubation jars still reflected the relative relationship between the zooplankton abundances in 
the two treatments (i.e. higher abundance in the Control compared to Year 2100). Furthermore, 
the adjustment was made in an effort to normalize top-down grazing pressure in the incubation 
jars between the treatments and therefore is not thought to be the main driver of grazing 
differences, though it is possible treatment differences between the zooplankton communities 
that were incubated (whether regarding sizes or numbers of individuals) contributed to the 
observed treatment differences in grazing.  






Figure 3.13 Zooplankton community abundance (individuals m-3) at the time of Incubation 3 in Bag 6 of the 
Control treatment and Bag 3 of the Year 2100 treatment. 
 
Table 3.5 Zooplankton community abundances (individuals m-3) and relative composition (%) at the time of 
Incubation 3 in Bag 6 of the Control treatment and Bag 3 of the Year 2100 treatment. 
    Bag 6 (Control)   Bag 3 (Year 2100) 









Bivalve Spat   8.02 0.38   0.00 0.00 
Hydromedusa   0.00 0.00   24.07 2.54 
Euterpina   689.97 32.33   176.50 18.64 
Harpacticoid   8.02 0.38   136.39 14.41 
Microsetella   16.05 0.75   16.05 1.69 
Nauplii   1315.76 61.65   593.70 62.71 
Polychaete larva   96.28 4.51   0.00 0.00 
              
Total   2134.10     946.71   
 
Second, while the negative rates in the Year 2100 treatment of Incubation 3 are mathematically 
lower than those in the Control, they cannot necessarily be interpreted in the same way as the 
lower rates in Incubation 1 – that Year 2100 conditions adversely affected net copepod 





community ingestion – because they indicate methodological assumptions in Incubation 3 were 
violated. Because copepod grazing was based on prey disappearance, negative rates (i.e., higher 
rates of prey growth than prey disappearance) prevented the detection of any grazing occurring 
inside the incubation jars. Instead, the drastic difference in the community grazing response 
between the two treatments suggests that there was a significant difference in the trophic 
structure of the plankton communities in Incubation 3 resulting from a shift in balances between 
drivers of prey growth and mortality in the incubations (Reckermann and Veldhuis 1997; Calbet 
et al. 2011; Calbet and Saiz 2013). In this way, the negative rates found in the present study can 
be viewed as an alternative outcome of the methodological models that reflected the network of 
trophic processes and feedback responses within the ecological system.  
3.5.2 Negative rates as a reflection of the ecological network 
What types of trophic processes and feedbacks could cause the prey field to increase in the 
presence of a grazer (i.e., cause negative rates)? In viewing the present study through the lens of 
ecological network theory, I ask how the environmental conditions of the Year 2100 treatment 
affected not the isolated behaviours of singular groups of organisms (e.g. copepod grazing), but 
rather the interactions among groups of organisms (e.g. the response of phytoplankton growth to 
zooplankton grazing) that together make up a larger functional network (Tylianakis et al. 2010; 
Thompson et al. 2012). Understanding how climate change will affect individual species is 
important to gain baseline knowledge, but ultimately it is the interactions those species have (or 
do not have) with other species that determine the structure, stability, and productivity of entire 
ecosystems (Thompson et al. 2012). The interactions within marine plankton networks are 
especially important for a holistic understanding of the ocean’s response to climate change. They 
are also especially complex, making it challenging to study zooplankton trophic dynamics at their 
full resolution. 





3.5.2.1 Network roles of phytoplankton and zooplankton 
Various internal and external factors determine the role of phytoplankton in the plankton 
network. For example, different phytoplankton species have different growth rates (e.g., Langdon 
1987), nutrient requirements (Eppley et al. 1969; Pedersen and Borum 1996; Lagus et al. 2004) 
and nutritional value and palatability as zooplankton prey (Whyte 1987; Mitra and Flynn 2006; 
Polimene et al. 2015). In Incubations 2 (Paracalanus sp.) and 3 (mixed copepod community), the 
initial pennate-shaped (or Low AR) prey community, specifically the diatom Cylindrotheca, was 
more abundant in Year 2100 compared to the Control (Fig 3.8). The trophic structure of the food 
web involving Paracalanus sp. in Incubation 2, was not significantly different between the 
treatments, suggesting that the difference in Cylindrotheca abundance between the treatments 
did not affect the trophic structure. On the other hand, significantly negative grazing rates suggest 
trophic structure was significantly different between the Control and Year 2100 treatments in 
Incubation 3. Perhaps the differences in pennate diatom abundances in the final phases of the 
experiment drove differences in the balance between growth and grazing that gave rise to the 
negative rates between the treatments in this incubation, inducing a shift in food web interactions 
within the plankton community. In Incubation 3, both microzooplankton and copepod grazing 
appeared to be repressed in Year 2100 compared to the Control (Tables 3.3 and 3.4). In other 
studies, microzooplankton and copepods demonstrated relatively low grazing rates on Nitzschia 
(closely related or synonymous with Cylindrotheca) or Cylindrotheca compared to other food 
types (Olson et al. 2008; Chang et al. 2014), but other studies report Cylindrotheca cells comprised 
a large portion of copepod diet (Hu et al. 2018). If the mixed copepod community in Incubation 3 
did not graze efficiently on Cylindrotheca, the most abundant diatom in the system, then the high 
growth response of Cylindrotheca may have masked any underlying grazing response of the 
copepods on other parts of the prey field.  
Zooplankton feeding modes can also affect the plankton network. In any given system, various 
factors can determine, for example, whether a mixotroph behaves more autotrophic or 





heterotrophic (Stoecker et al. 2017) , or whether an omnivore feeds more on phytoplankton or 
microzooplankton  (Stibor et al. 2019). Such feeding flexibility introduces more potential 
pathways for energy to take as it moves through the plankton food web, and thus increases 
interaction diversity (i.e. the number of interactions or ‘links’ within the network) (Thompson et 
al. 2012). Such trophic shifts can have significant implications for carbon flux and energy transfer 
within marine food webs (Steinberg and Landry 2017; Stoecker et al. 2017). The ability to switch 
feeding modes makes it more difficult to capture and control for the full range of trophic 
interactions occurring within a system during experiments and its role in the present experiment 
is explored further in the following sections.  
3.5.2.2 Shifts in the balance between growth and grazing 
Overall, instances of negative copepod grazing indicate that the system was unbalanced in favour 
of prey growth over prey mortality in the presence of the copepod grazer. Such results are often 
attributed to trophic cascades, in which copepods preferentially graze upon microzooplankton, 
relieving phytoplankton from microzooplankton grazing pressure and allowing them to grow 
(e.g., York et al. 2014)(see Fig 3.12). However, the persistence of negative rates despite efforts to 
correct for this phenomenon indicates that perhaps a different type of trophic cascade was 
present. The diversity of trophic behaviours and interactions within the microzooplankton 
community alone could create a trophic cascade. For example, carnivorous or omnivorous 
microzooplankton could consume herbivorous microzooplankton, relieving phytoplankton from 
microzooplankton grazing pressure and allowing them to grow (Verity and Smetacek 1996; First 
et al. 2007).  
In the present study, the different trophic modes of microzooplankton could not be distinguished, 
and therefore I can only speculate, not provide evidence for, the possibility of a microzooplankton 
trophic cascade contributing to my results. Previous studies have attributed negative rates to 
trophic cascades within the microzooplankton community in concert with saturated feeding 





responses complicated by changes in mixotroph feeding behaviour (i.e. a violation of assumption 
number 2 of the dilution method: “ingestion of phytoplankton increases linearly as consumer 
density increases, meaning that consumers are not food-satiated in the Control jar”) (Calbet et al. 
2011). Other studies attribute negative grazing rates to phytoplankton growth being stimulated 
by the addition of copepod-excreted nutrients into the incubation jars (Calbet and Landry 1999; 
Zhang et al. 2006). Nutrient concentrations in the jars were not directly measured before and 
after incubations, but evidence from other growth experiments conducted under different 
nutrient concentrations suggests phytoplankton may have been nutrient-limited during the 
mesocosm experiment (data not shown). Thus, the increase in phytoplankton growth rate in 
response to nutrients released by copepods may have outweighed copepod grazing pressure. If 
this were the case, it would have been a violation of assumption number 1 of the dilution method: 
“phytoplankton growth in the Dilution jar is equal to that in the Control jar, meaning that the 
concentration of nutrients after dilution is not limiting”, and would underpin the importance of 
critically examining results from dilution experiments. 
At face value, negative microzooplankton grazing rates means phytoplankton growth was higher 
in the undiluted treatment (with more grazers), than in the diluted treatment (with fewer 
grazers) which is typically interpreted as growth stimulation by grazers. In the present study, the 
only instance of both gcop.corr and gmic being negative was in the Year 2100 treatment of Incubation 
3. This suggests phytoplankton growth was stimulated by microzooplankton and copepod 
grazing under the future warming and acidification conditions, but not in the Control treatment. 
It also suggests that excretion of nutrients by copepods would not have been the only factor 
driving prey growth, since phytoplankton prey also outgrew microzooplankton grazing in the 
absence of copepod excretion in the Dilution jar. It is also possible that there was a trophic 
cascade event within the microplankton community (excluding copepods) that was unique to 
Year 2100 conditions (e.g., Fig 3.12). Previous experiments on natural systems have observed 
(Verity and Smetacek 1996; First et al. 2009) or suggested (Boyer et al. 2011; Calbet et al. 2011) 





differences in interactions among ciliates, dinoflagellates, smaller grazers such as nanoflagellates, 
and small phytoplankton that have let to various levels of micro- or nano-grazer top-down control 
and higher phytoplankton growth in undiluted jars. 
3.5.2.3 Indications of trophic pathways 
Altogether, the negative grazing rates observed in the incubations appear to have originated from 
the same underlying mechanism. A further mathematical exploration of these results is discussed 
in Chapter 6, but briefly, that is a negative uncorrected copepod grazing rate, further lowered by 
a negative K value (Equations 3.11-3.14).  
In Incubation 2, all negative K values originated from higher concentrations of microzooplankton 
in the Control jars compared to the Copepod jars. This suggests that the network pathways of 
trophic interactions in Incubation 1 using T. turbinata, in which phytoplankton growth rates were 
negative and copepod grazing rates were positive (Table 3.2), then shifted in Incubation 2, in 
which all copepod grazing rates were negative (Table 3.3). There was no evidence that these shifts 
were treatment-specific, but the Incubation 2 system as a whole using Paracalanus sp. appeared 
to be driven by growth rather than grazing as evidenced by mostly positive phytoplankton growth 
rates and negative copepod grazing rates (Table 3.3). Negative phytoplankton growth rates, such 
as those observed in Incubation 1, suggest factors other than grazing contributed to 
phytoplankton mortality. In other studies, negative phytoplankton growth rates have been 
attributed to factors such as light limitation, insufficient mixing in jars, reductions in cellular Chl-
a content, viral lysis, or natural succession dynamics (Liu et al. 2002; Calbet et al. 2011; Zhou et 
al. 2011; Beckett and Weitz 2017). In the present study, it is not likely incubations were light-
limited because jars were positioned within 1 m of the surface of the mesocosm bags. Jars were 
also sufficiently mixed before samples were taken so it is unlikely that was a cause of negative 
rates. Reductions in Chl-a content are not applicable to the present study because phytoplankton 
community measurements were derived from a FlowCam, not Chl-a. However, around Day 10 





phytoplankton biomass across all mesocosm bags appeared to decrease suddenly before 
increasing again towards the end of the experiment (Fig 3.7). Based on this observation, it is 
possible that at the time of Incubation 1 (Day 10) phytoplankton experienced some level of 
natural mortality in all mesocosm bags that resulted in negative growth rates in the incubation 
jars. This possibility highlights the complexities within interpretations of grazing responses from 
systems containing dynamic prey communities.  
In Incubation 3, which used the mixed copepod community previously established within the 
mesocosms, another shift in trophic pathways was observed that was treatment-specific. The 
average total grazing rate in Year 2100 was negative but it was positive in the Control treatment 
(p-value<0.01) (Table 3.4). This suggests that, while plankton interactions were similar between 
the treatments in Incubations 1 and 2, by the end of the mesocosm experiment the trophic 
network pathways in the Year 2100 treatment had diverged from those of the Control. Of the 
negative rates seen in the Year 2100 treatment of Incubation 3, essentially half followed the same 
mathematical origin as Incubation 2 described above. The remaining half differ in the origin of 
their negative K value. That is, instead of originating from microzooplankton concentrations, the 
negative K values came from negative microzooplankton grazing rates. Negative 
microzooplankton grazing rates have been reported for other studies that implemented the 
dilution method (Landry et al. 2009; Calbet et al. 2011). Finding negative microzooplankton 
grazing rates in the present study suggests there were multiple biological mechanisms present in 
the Year 2100 treatment in Incubation 3 that shifted the balance of the system. Characterizing the 
system of Incubation 3 is further complicated because there were simultaneously negative 
phytoplankton growth rates and negative copepod grazing rates (Table 3.4). This suggests there 
may have been factors other than grazing that induced phytoplankton mortality during this 
incubation, but there was no evidence of a mesocosm-wide decrease in phytoplankton growth at 
this time (Day 22) that could be attributed to a natural mortality event (Fig 3.7), as was a 
possibility for Incubation 1. 





Here, results have been interpreted to the extent the current state of the field allows, and I, along 
with other dilution experiment authors, present negative rates in anticipation that “maybe in the 
future, someone will find the way of extracting [more] information from such results” (Calbet et al. 
2011). 
3.5.3 Implications for marine food webs 
The present study has reinforced our understanding that plankton food webs are naturally 
dynamic, and their structure responds to external factors such as environmental conditions and 
prey communities. Bottom-up drivers of zooplankton grazing that are climate-sensitive, such as 
the phytoplankton community shifts seen in this experiment, have scope for altering energy 
pathways through food webs as the environment changes.  
For copepods, prey field characteristics such as size, shape, and type (i.e. microzooplankton vs 
phytoplankton) often determine which prey is consumed and has its nutritional contents passed 
on to higher trophic levels (Mullin 1963; Perissinotto 1992; Kleppel 1993; Chen et al. 2013). In 
this experiment, it was not clear whether future climate conditions affected copepod feeding 
selectivity among different prey sizes, shapes, and types (Fig 3.11). However, there was evidence 
of lower net grazing in both microzooplankton and copepods in the Year 2100 treatment in 
Incubations 1 (T. turbinata) and 3 (mixed copepod community), which could result in a reduction 
in the quantity of nutrients that are transferred through a food web. While many of these net rates 
were negative and could not be true measures of ingestion, the observation that, when the 
dilution method assumptions were met (e.g. Incubation 1) grazing rates in Year 2100 were lower 
than those in the Control (Fig 3.7, Table 3.2), could indicate a net decrease in T. turbinata carbon 
ingestion under future ocean conditions. In the field, a response such as this could drastically limit 
the quantity of nutrients available in coastal food webs, especially at times when this particular 
species comprises a large portion of the zooplankton community as it did when T. turbinata were 





collected for Incubation 1. However, it is important to consider that this response is likely an 
indirect effect of the environment and more directly influenced by the prey field. 
Furthermore, the number of trophic links within a network determines trophic efficiency (Pauly 
and Christensen 1995). The phytoplankton-copepod link is considered the most efficient link 
within a plankton food web because it bypasses intermediate microzooplankton steps and retains 
more energy from the primary source (Steinberg and Landry 2017). In the present study, positive 
grazing rates suggest this efficient link was present in both the Control and Year 2100 treatments 
in Incubation 1, but only in the Control treatment in Incubation 3. On the other hand, the negative 
grazing rates seen in both treatments in Incubation 2 and only the Year 2100 treatment for 
Incubation 3 could indicate microzooplankton played a larger role in the plankton network. While 
the exact cause of most of the negative rates cannot be pinpointed, their mathematical origins 
suggest they could have resulted in part from a classic trophic cascade initiated by copepods 
consuming microzooplankton, or from a more nuanced trophic cascade contained within the 
nano- and micro-grazer communities. If future ocean conditions shift plankton networks towards 
a state involving more trophic links, especially at the smallest scales, this would decrease the 
efficiency of energy transfer to higher trophic levels (Steinberg and Landry 2017).   
3.6 Conclusions  
The present study aimed to better understand copepod grazing responses to future ocean 
warming and acidification. T. turbinata grazing responses differed between the Control and Year 
2100 treatments in Incubation 1 and community grazing responses significantly differed between 
treatments in Incubation 3, but no differences in grazing among prey types were observed. The 
grazing differences seen here were likely linked to the different copepod grazers used in the 
incubations and to treatment-induced shifts in the prey field over the duration of the 22-day 
mesocosm experiment. Instances of negative grazing occurred in both microzooplankton and 





copepod rates, which, rather than indicating low or zero grazing, I interpreted as evidence of 
trophic cascades, nutrient feedback, or alternate feeding modes that occurred within the 
incubation jars. The results also indicated that the ecological system within the present 
experiment was not representative of the model system for which the disappearance-based 
copepod grazing methods were designed and highlight the importance of reporting and analysing 
the meaning of negative rates. Taken together,  results from the present study suggest that the 
incubations captured shifts in zooplankton trophic pathways that were linked to treatment-
induced shifts in copepod grazing and prey field dynamics in the mesocosm bags. If future climate 
conditions produce similar changes in coastal microplankton communities in the field, 
corresponding shifts in mesozooplankton grazing responses could alter the state of foundational 
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Chapter 4: Zooplankton trophic interactions respond 
differently to single and combined climate stressors  
4.1 Abstract 
Copepod grazing plays an important role in structuring zooplankton trophic dynamics that 
underpin energy transfer through marine ecosystems. Future ocean warming and acidification 
may affect copepod feeding behaviour directly through changes in metabolic demands and 
indirectly through changes in the nutritional quality of prey. Previous studies have suggested that 
climate stressors induce shifts in zooplankton grazing dynamics, with important implications for 
energy transfer through marine food webs. However, biological, much less ecological, responses 
to the potential interactive effects of combined climate stressors are poorly understood. To tease 
apart the combined effects of ocean warming and acidification on copepod grazing and trophic 
dynamics in coastal New Zealand waters, two 24-hour feeding incubations were carried out using 
natural prey communities and the calanoid copepod Temora turbinata under a single stressor 
(Low pH) and a combined stressor (Low pH + High Temperature) climate treatment. Results 
suggest that the grazing behaviour of T. turbinata and its associated trophic interactions shifted 
under OA, but not under OA and warming. These results differed from results of previous ME3, 
which demonstrated that combined climate stressors did induce trophic shifts within the 
plankton community food web. The results also highlight diverse responses among species, and 
between species- and community-level responses. Together with results from Chapter 3, the 
present study illustrates how complexities of plankton food webs present challenges when 
predicting effects of OA and warming on coastal communities and demonstrates the importance 
of understanding the range of responses and sources of variability in mesocosm experiments 
when predicting how climate change will impact zooplankton trophic interactions in these 
regions. 






As introduced in detail in Chapter 3, future ocean warming and acidification has scope to affect 
zooplankton trophic interactions at the base of coastal marine food webs (Aberle et al. 2012; 
Garrido et al. 2013; Lewandowska et al. 2014; Boersma et al. 2016; Thor et al. 2016; Stibor et al. 
2019).  In particular, waters around New Zealand are expected to increase in temperature by  2.6 
°C and decrease in pH by 0.33 units by year 2100 (IPCC 2014; Law et al. 2017; Sutton and Bowen 
2019) and have already experienced multiple unprecedented heatwaves in the last few years 
(Oliver et al. 2018; Salinger et al. 2019). New Zealand’s coastal regions are of investigative 
importance because they support culturally and economically important species such as kina, 
pāua, and mussels that are threatened by climate change in various direct and indirect ways 
(Brennand et al. 2010; Kroeker et al. 2013; Capson and Guinotte 2014; Sunday et al. 2017; 
Cummings et al. 2019). Thus, it is important to understand how lower food web processes such 
as zooplankton grazing and trophic structure, which form the functional foundation of these 
ecosystems, respond to future climate conditions. 
The present study serves as a follow-up to the study presented in Chapter 3, which found shifts 
in zooplankton grazing pathways linked to prey community differences under future 
temperature and pH conditions for Year 2100. Here, the interactive effects of ocean acidification 
and warming on zooplankton trophic dynamics are teased apart using a mesocosm-based 
experimental design that consisted of a Control, a Low pH, and a Low pH + High Temperature 
treatment. Under these conditions, a series of copepod grazing incubations were carried out using 
copepods and natural prey populations from Evan’s Bay, New Zealand to answer the following 
question: How does the grazing response of copepods within a natural prey community differ 
under single vs combined climate stressors? Based on previous work, it was predicted that 
copepod grazing could increase under acidification alone due to stress associated with acid-base 
balance, and increase to a greater extent under both acidification and warming due to increased 





energy demand from acid-base balance and increased kinetic energy in the system. Results from 
this work provide a deeper understanding of how environmental stressors can influence trophic 
interactions within coastal zooplankton communities.  
4.3 Methods 
4.3.1 Mesocosm structure and experimental design 
The present study was carried out within the fourth mesocosm experiment (ME4), one year after 
ME3 (Chapter 3), conducted as part of the Coastal Acidification: Rates, Impact, and Management 
(CARIM) project, a larger collaboration headed by the New Zealand National Institute of Water 
and Atmospheric Science (NIWA). The experimental design for ME4 was similar to that of ME3 
(presented in Chapter 3), but different in some ways. ME4 took place in October-November 2018 
in an outdoor pool (4 m depth) at NIWA, Wellington, NZ (-41.301249, 174.804990) and ran for 
20 days. The pool accommodated nine 4,000-L mesocosm bags (Fig 4.1A) that were 3.7 m tall 
with 1.2 internal diameter (Fig 4.1B). Each were fitted with a solid plastic base (lower former) 
and a transparent Perspex® lid attached to an upper former (Fig 4.1B). Each bag wascovered 
with a shade screen and filled with water from nearby Evan’s Bay. Water was not screened during 
the pumping process in order to include the natural plankton community in the mesocosm bags, 
though it is likely some fragile micro- or mesozooplankton were damaged during this process. 
The space between the lid and water level in the bags accommodated a headspace and an 
integrated mixing system to ensure vertical uniformity in water properties. pH was controlled by 
a CO2 diffuser, and temperature was controlled by a heat exchange unit (Fig 4.1B) (Law et al. 
2020). 
A control plus two environmental treatments were implemented in triplicate and were 
maintained at the following conditions: 1) Control (13.0 °C, pH 8.05), 2) Low pH (13.0 °C, pH 7.65), 
and 3) Low pH + High Temperature (16.5 °C, pH 7.65) (Fig 4.1C). Temperature and pH were 





monitored continuously in all bags and controlled in the treatment bags by a Labview software 
system. Any changes in pH or temperature that were detected by the pH and temperature sensors 
were relayed to the Labview system. The Labview system then responded to these changes by 
readjusting pH via CO2 injection through permeable diffusion coil (Fig 4.1B) and temperature via 
a heating element (Fig 4.1B). An Exosonde system that incorporated sensors for temperature, pH, 
dissolved oxygen, salinity, and fluorometry was connected to an in-line system that pumped 
water from each bag every hour so that environmental conditions were monitored continuously 
and any issues could be rapidly identified and remediated (Law et al. 2020). 
 
Figure 4.1. Photo of mesocosm set up (A), diagram of bag specifications (B), and schematic of experimental design 
for ME4 (C). The experiment consisted of nine bags (numbered circles) and three experimental treatments: Control 
(blue), Low pH (yellow), and Low pH + High Temp (orange). Figures A and B were adapted from Law et al. 2020. 





Nutrients were added daily to maintain replete concentrations.  These included nitrate, 
ammonia, phosphate, and silicate. Time-series of dissolved nutrients, salinity, PAR, temperature 
and salinity, are showed in Supplementary Fig A4. 
4.3.2 Zooplankton grazing incubations 
The methods used to carry out the zooplankton grazing experiments were similar to those used 
for ME3 (Chapter 3), but because there were some differences, the methods specific to ME4 are 
described below. 
Two 24-hour zooplankton grazing incubations using calanoid copepod Temora turbinata were 
conducted on days 10 and 16 of the mesocosm experiment. Details of the experimental design 
implemented for each incubation is summarized in Table 4.1. 
Table 4.1 Summary of the two grazing incubations carried out during the mesocosm experiment. 
Timing during 
mesocosm experiment 












Control Low pH 
Low pH + 
High T 
    













4.3.2.1 Copepod collection 
Before each incubation, individuals of T. turbinata were collected aboard a boat (Rukuwai II) from 
offshore Evan’s Bay using a series of short-duration, surface plankton net tows (200 μm mesh). 
Tow contents were immediately brought back to the laboratory for sorting, where healthy T. 
turbinata individuals were isolated and transferred to fresh seawater until the preconditioning 
set up.  





4.3.2.2 Copepod preconditioning period 
Wild-caught T. turbinata were preconditioned for 24 h in each of the mesocosms one day before 
the start of a grazing incubation. For the preconditioning period, previously sorted copepods 
(n=4) were distributed evenly among nine 1-L plastic jars, each jar containing water sampled 
from one of the mesocosm bags. Jars were topped up so there was no headspace and then sealed 
with Parafilm® and a screw top lid to ensure no air bubbles formed. Each jar was then placed in 
a nylon mesh stocking and suspended <1 m from the top of each mesocosm for 24 h. After the 24 
h preconditioning period, jars were retrieved and ~80% of the water in the jars was gently 
siphoned off using silicon tubing with 200 μm mesh covering one end. This technique gently 
excluded copepods from being siphoned off and allowed them to remain in the jars with minimal 
handling. Copepods were then gently transferred into filtered seawater before being added to jars 
containing fresh mesocosm water for the immediate set up of the copepod grazing incubations. 
4.3.2.3 Copepod grazing incubations 
The design of each grazing incubation incorporated the dilution method (Landry and Hassett 
1982)  to account for the impact of microzooplankton grazing on the response of copepod grazing 
since microzooplankton was naturally present in the mesocosm water used for incubations. As 
such, each replicate grazing incubation consisted of three 1 L plastic jars as outlined in Fig 4.2. 
The first jar was filled with 100% mesocosm water and served as a control for phytoplankton 
growth (hereafter referred to as the Control jar). The second jar was filled with 30% mesocosm 
water + 70% filtered mesocosm water (0.2 μm Supor Acropak capsule filter) and served as a 
control for microzooplankton grazing (Landry and Hassett 1982; Nejstgaard et al. 2001) 
(hereafter referred to as the Dilution jar). The third jar was filled with 100% mesocosm water 
with the addition of copepods and served as the experimental grazing incubation jar (hereafter 
referred to as the Copepod jar). All jars were topped up so there was no headspace and then 
sealed with Parafilm® and a screw top lid to ensure no air bubbles formed. The three jars 
(Control, Dilution, and Copepod jars) were stacked vertically, placed into a nylon mesh stocking, 





and suspended <1m from the top of each mesocosm for 24 h (Fig 4.2). When the stacked jars were 
placed in the mesocosm bag, they did not stay in a vertical position. Instead, they maintained a 
neutrally buoyant horizontal position and moved around within the bag such that all jars 
experienced the same light levels. Immediately following jar deployment, a subsample of the 
mesocosm water used to fill each of the incubation jars was analysed to characterise the initial 
prey community. 
After the 24 h incubation period, jars were retrieved and brought back into the laboratory for 
sampling. Water samples (250 ml) were taken from each jar for analysis of the final prey 
community. Copepod vitality, temperature, and pH were also recorded for each jar at the time of 
final sampling.  
 
Figure 4.2 A) Schematic of the grazing incubation experimental design following the dilution method (Landry & 
Hassett 1982). During each incubation, “control”, “dilution”, and “copepod” jars in nylon mesh stockings were 
suspended from each of the nine mesocosm bags. Dark gray colouring indicates unfiltered mesocosm water. Light 
gray colouring indicates diluted mesocosm water. B) Photo showing the attachment of a preconditioning jar in a 
nylon mesh stocking to the top of a mesocosm bag. 
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4.3.3 Sample analysis, grazing calculations, and statistical analysis 
Methods pertaining to the analysis of water samples for prey community concentration and 
compositional characteristics, the calculation of grazing rates, and statistical analyses were 
performed as described in detail in Chapter 3. Briefly, water samples were analysed for prey 
particle concentrations and compositional characteristics using a FlowCam particle imaging 
machine (Fluid Imaging Technologies, Inc.). Copepod grazing rates were calculated following 
traditional and corrective formulas from Frost (1972), Landry and Hassett (1982), and 
Nejstgaard et al. (2001), and this general workflow is summarized in Fig 4.3. Estimates of copepod 
prey selectivity were calculated following Vanderploeg and Scavia’s electivity index, E* 
(Vanderploeg and Scavia 1979), which is based on Chesson’s index of selectivity (α) (Chesson 
1983). One-way ANOVAs were used to determine significant differences in grazing measures 
among treatments, and statistical significance was defined by p-value<0.05. All analyses were 
performed within the R tidyverse package statistical framework (Wickham 2017). 
 
Figure 4.3 Visual summary of main workflow used to calculate copepod clearance and ingestion rates based off 
corrected copepod grazing rates. 
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4.4.1 Mesocosm development 
4.4.1.1 pH, temperature, and nutrients 
All nine mesocosm bags maintained the target temperature and pH conditions for the full 
duration of the experiment, and these parameters showed very little variance among bags 
(Supplementary Fig A4, Supplementary Table A15). Mean temperatures in the Control and Low 
pH treatments showed a slight increasing trend over the 20 days and peaked on Day 16 in both 
treatments. Mean temperature in the Low pH + High Temp treatment followed the same trend, 
peaking on Day 17. Mean pH in the Control also increased slightly over the experiment and ranged 
between 8.12 and 8.21. Mean pH in the Low pH and Low pH + High Temp treatments increased 
slightly over the course of the experiment. On the final day of the experiment, pH averaged 7.72 
in the Low pH treatment and 7.69 in the Low pH + High Temp treatment. 
Nitrate, ammonia, phosphate, and silicate showed consistent temporal trends, and concentrations 
were not significantly different among treatments (Supplementary Fig A4, Supplementary Table 
A15). Ammonia showed the most variability among bags and phosphate showed the least 
(Supplementary Fig A4). 
Photosynthetically active radiation (PAR) generally fluctuated daily because the experiment took 
place in used an outdoor mesocosm setting with natural light conditions. PAR was highest on Day 
16 (551.07 μmol m-2 s-1) and lowest on Day 18 (116.89 μmol m-2 s-1) (Supplementary Fig A4, 
Supplementary Table A15). 





4.4.1.2 Prey field characteristics and succession 
The copepod prey field was classified into the following three prey groups and respective prey 
types: 1) prey size (2-5 µm, 5-20 µm, and 20-50 µm), 2) prey shape (low aspect ratio and high 
aspect ratio), and 3) prey type (phytoplankton and microzooplankton). 
A three-phase growth pattern characterised this mesocosm experiment based on concentrations 
of Chl-a (data not shown) and particulate carbon (Fig 4.4). Phase I was an Adjustment phase 
during Days 0-6, Phase II was a Plateau phase during Days 6-13, and Phase III was a Growth phase 
during Days 13-20 (Fig 4.4). In general, Chl-a and carbon were highest at the start of the 
mesocosm experiment and rapidly decreased during Phase I. FlowCam analysis showed 
phytoplankton carbon concentration plateaued during Phase II before increasing slightly during 
Phase III (Fig 4.4). It is notable that Bag 9 of the Low pH + High T treatment (orange dot-dashed 
line) had particularly higher concentrations of C L-1 at the time of Incubation 2 (Day 16) compared 
to other bags and treatments (Fig 4.4). 
 
Figure 4.4 Total phytoplankton carbon (µg C L-1) in the prey field over the 20-day mesocosm experiment in the 
Control (blue), Low pH (yellow), and Low pH + High Temp (orange) treatments of Mesocosm Experiment 4. Solid 
lines represent treatment averages. Dotted or dashed lines represent individual mesocosm bags (i.e. treatment 
replicates). 





Overall, prey biomass (µg C L-1) was not significantly different among treatments (Fig 4.5). One 
mesocosm bag in particular, Bag 9 (replicate of Low pH + High Temp) tended to contain higher 








Figure 4.5 Biomass (μg C L-1) for different size and shape groups comprising the prey field during the 20-day 
Mesocosm Experiment 4 in the Control (blue), Low pH (yellow), and Low pH + High Temp (orange) treatments. 
Solid lines represent treatment averages. Dotted or dashed lines represent individual mesocosm bags (i.e. 
treatment replicates). 
 
Because the grazing incubations took place across Phase II (Incubation 1) and Phase III 
(Incubation 2), the initial prey communities in the incubation jars differed from one incubation 
to the next (Fig 4.6). FlowCam analysis revealed Bag 9 of the Low pH + High T treatment had 
nearly 3x the concentration of total prey compared to other bags and treatments in Incubation 2. 
These Bag 9 prey particles were medium size (5-50 µm), low-aspect ratio (pennate-like) cells (Fig 
4.6). 






Figure 4.6 Initial biomass of the prey field (µg C L-1) in the incubation bottles in the Control (blue), Low pH (yellow), 
and Low pH + High Temp (orange) treatments in Incubations 1 and 2 of Mesocosm Experiment 4. 
 
Low aspect ratio prey (low AR) were again largely dominated by pennate diatom Cylindrotheca, 
as was found in the Mesocosm 3 experiment presented in Chapter 3 (see Fig 3.4A). High aspect 
ratio prey (high AR) were mainly comprised of small flagellates and some microzooplankton (see 
Chapter 3 Fig 3.4B). The microzooplankton community comprised of mainly ciliates and 
mixotrophic and heterotrophic dinoflagellates (see Chapter 3 Fig 3.4C).  
4.4.2 Zooplankton grazing 
4.4.2.1 Net grazing on phytoplankton  
Across the two incubations, T. turbinata clearance rates ranged between -0.20 and 0.36 L ind-1 
day-1 and ingestion rates between -34.45 and 23.89 μg C ind-1 day-1 (Fig 4.7). Copepods in the 
Control and Low pH + High Temp treatments generally had higher average grazing rates 





compared to copepods in the Low pH treatment, but there were no significant differences among 
treatments (Fig 4.7, Tables 4.2 and 4.3, Supplementary Tables A16 and A17). Furthermore, a 
number of clearance and ingestion rates for copepods in the Low pH treatment were negative and 
average rates had higher variance, while rates of the other two treatments were mostly positive 
with lower variance (Fig 4.7). For example, in Incubation 1, copepods in the Low pH treatment 
ingested an average of 5.21 ± 14.01 μg C ind-1 day-1, while copepods in the Control and Low pH + 
High Temp treatments ingested on average 14.31 ± 4.63 and 7.62 ± 1.99 μg C ind-1 day-1, 
respectively (Fig 4.7, Table 4.2). Similarly in Incubation 2, copepods in the Low pH treatment 
ingested an average of -9.56 ± 13.64 μg C ind-1 day-1, and copepods in the Control and Low pH + 
High Temp treatments ingested on average 13.48 ± 13.85 and 15.87 ± 9.44 μg C ind-1 day-1, 
respectively (Fig 4.7, Table 4.3).  
 
Figure 4.7. A) Copepod clearance (L ind-1 day-1) and B) ingestion rates (μg C ind-1 day-1) on the total prey field in 
the Control (blue), Low pH (yellow), and Low pH + High Temp (orange) treatments of Mesocosm Experiment 4. 
Each coloured bar represents a single treatment replicate. 
 





There were no significant differences in the percent of phytoplankton standing stock removed 
among the three treatments in either of the two incubations. FlowCam-based ingestion rates 
show there was no significant difference in the percentage of the initial phytoplankton standing 
stock that copepods removed in the Control (40 ± 16%), Low pH (14 ± 55%), and Low pH + High 
T (48 ± 2%) treatments in Incubation 1 (Table 4.2). However, the variance among replicates in 
the Low pH treatment was much higher compared to the variance of the Control and Low pH + 
High T treatments. In Incubation 2, copepods removed on average 32 ± 49% and 40 ± 30% of the 
initial phytoplankton standing stock in the Control and Low pH + High T treatments, whereas 
copepods in the Low pH treatment removed an average of -46 ± 59% of initial standing stock (i.e. 
negative removal) (Table 4.3). In other words, copepods appeared to increase the standing stock 
by 46% in the Low pH treatment.  














Table 4.2 Growth and grazing summary for Mesocosm Experiment 4 Incubation 1. 













































































Control 1.03 ± 0.54
Low pH -0.04 ± 0.45





Mean grazing rate, 
corrected for 
microzooplankton impact
Mean clearance rate (L 
swept clear ind-1 day-1)
Mean ingestion rate (µg 
C ind-1 day-1)




± 0.06 14.31 ± 4.630.73 ± 0.23 39.55 ± 0.201.10 ± 0.50 63.90 ±
± 0.23 5.21 ± 14.010.34 ± 0.85 13.87 ± 0.090.37 ± 0.30 28.98 ±
7.62 ± 1.99
2-5µm
Control 0.88 ± 0.38 0.52
0.04 47.82 ± 0.18 ± 0.010.21 15.26 ± 0.66 ±
Low pH                    
+High temp
0.72 ± 0.46 0.18 ±
0.14 0.16 ± 0.29
Low pH 0.23 ± 0.26 0.34
± 0.51 21.04 ± 0.08 ±± 0.66 30.29 ± 0.28
0.06 -0.05 ± 0.22
Low pH                    
+High temp
0.93 ± 0.40 0.34
± 0.19 -12.94 ± -0.01 ±± 0.43 36.68 ± -0.01
0.06 0.19 ± 0.15
5-20µm
Control 0.82 ± 0.37
± 0.22 22.39 ± 0.08 ±16.09± 0.03 28.88 ± 0.28
± 0.13 1.95 ± 2.590.40 ± 0.47 24.10 ± 0.1132.170.77 ± 0.36 51.72 ±
0.65 ± 1.26
Low pH                    
+High temp
0.92 ± 0.31 0.50 ±
0.28 12.28 ± 0.04 ± 0.0720.580.12 37.09 ± 0.15 ±Low pH 0.10 ± 0.20 0.47 ±
1.81 ± 0.16
20-50µm
Control 0.85 ± 0.32 0.76
0.13 35.70 ± 0.13 ± 0.048.220.08 39.23 ± 0.47 ±
0.08 3.15 ± 1.13
Low pH 0.30 ± 0.38 0.56
± 0.29 39.79 ± 0.18 ±12.68± 0.25 52.17 ± 0.66
0.24 2.60 ± 2.97
Low pH                    
+High temp
0.96 ± 0.63 0.72
± 0.90 33.51 ± 0.18 ±49.02± 0.31 41.08 ± 0.63
0.05 2.24 ± 1.58
Low AR
Control 0.75 ± 0.40
± 0.20 62.54 ± 0.27 ±7.15± 0.27 50.00 ± 1.02
± 0.03 3.97 ± 1.900.56 ± 0.12 36.01 ± 0.1510.380.51 ± 0.26 38.64 ±
2.38 ± 3.41
Low pH                    
+High temp
1.30 ± 0.19 0.55 ±
1.05 29.91 ± 0.17 ± 0.2847.230.50 25.73 ± 0.63 ±Low pH 0.28 ± 0.17 0.39 ±
Control 1.24 ± 1.47
1.24 ± 1.860.30 33.52 ± 0.12 ± 0.0819.040.60 35.67 ± 0.45 ±
± 0.17 2.31 ± 2.110.62 ± 0.63 37.21 ± 0.1731.351.49 ± 1.13 67.26 ±
2.06 ± 1.17
Low pH                    
+High temp
0.99 ± 0.16 0.16 ±
0.46 36.06 ± 0.15 ± 0.1224.440.88 14.78 ± 0.52 ±Low pH 0.14 ± 0.97 0.38 ±










































Table 4.3 Growth and grazing summary for Mesocosm Experiment 4 Incubation 2. 






























































Mean grazing rate, 
corrected for 
microzooplankton impact
Mean clearance rate (L 
swept clear ind-1 day-1)






















Phytoplankton Mesozooplankton grazing (copepod Temora turbinata )
0.17 13.48 ± 13.85
Low pH 0.45 ± 0.71 0.61
0.51 ± 0.54 32.01 0.16 ±0.30 0.95 ± 0.28 60.28
± 0.41 39.93±
-9.56 ± 13.64
Low pH                    
+High temp
0.92 ± 0.85 0.81 ± 0.89
0.40 -45.52 -0.05 ± 0.11± 0.43 41.92 -0.20 ±
± 0.04 0.52 ± 0.2944.38 0.29 ± 0.09 35.20 0.09± 20.73
9.44
2-5µm
Control 0.61 ± 0.25 0.63 ± 0.37
0.15 ± 0.16 15.87 ±41.19
± 0.48
Low pH                    
+High temp
0.52 ± 0.63 0.54 ± 0.36
-17.65 0.00 ± 0.08 0.050.64 30.90 0.01 ± 0.30± 41.66Low pH 0.64 ± 0.73 0.50 ±
5-20µm
Control 0.49 ± 0.21 0.58
± 0.15 0.80 ± 0.8939.05 0.34 ± 0.41 33.28 0.12± 23.78
41.53 0.11 ± 0.15 8.35± 20.77
3.87 ± 1.58
Low pH 0.72 ± 0.59 0.58 ± 0.34
0.03 35.18 0.09 ± 0.02± 12.04± 0.36 41.28 0.29 ±
0.06 8.54 ± 6.24
20-50µm
Control 0.22 ± 0.25
0.37 ± 0.12 35.78 0.11 ±
1.98
Low pH                    
+High temp
0.72 ± 0.51 0.54 ± 0.78 27.42
0.03 ± 0.04 1.31 ±
1.57 ± 1.94
Low pH 0.61 ± 0.63 0.94 ±
± 0.60 -9.16 0.15 ± 0.190.82 ± 0.12 55.64 0.47
± 0.15 3.05 ± 4.0347.90 0.47 ± 0.37 33.84 0.15
± 1.70
Low pH                    
+High temp
0.85 ± 0.94 0.94 ± 0.93
0.04 0.00 ± 0.17 -0.170.74 54.37 -0.01
0.73 ± 1.42
Low pH 0.03 ± 0.60 0.60 ± 0.54
0.80 -4.41 0.10 ± 0.23± 0.57 51.43 0.32 ±Control 0.10 ± 0.74 0.84
1.23
Low pH                    
+High temp
0.56 ± 0.53 0.41 ± 0.54 26.54
-0.04 ± 0.12 -0.16 ±39.90 -0.14 ± 0.45 -18.51
± 0.44 72.88 0.53 ± 0.54
High AR
Control 1.22 ± 0.41 1.37
0.08 5.26 ± 7.510.43 ± 0.17 40.08 0.13 ±
Low AR
0.03 0.56 ± 1.45
Low pH                    
+High temp
1.07 ± 1.02 0.98
0.06 ± 0.13 7.19 0.02 ±
± 5.50
Low pH 0.79 ± 0.91 0.67 ± 0.51 44.04
32.32 0.17 ± 0.17 5.13




Mean % standing 
stock removed


































































4.4.2.2 Prey selection 
There were no significant treatment differences among copepod clearance nor ingestion rates 
among different prey types in the total prey field (Tables 4.2 and 4.3). There were also no 
significant differences in copepod prey selectivity among treatments using Vanderploeg & 
Scavia’s electivity index (Fig 4.8). Values of this index, E*, are derived from copepod ingestion rate 
values and range between -1 (discrimination) and 1 (preference). Zero indicates random feeding. 
Because there were instances of negative rates in some of the incubations, Results of E* are 
presented  with caution and, while they are informative, they likely do not reflect the entire story 
of prey selection in the incubations. 
In Incubation 1, copepods preferred larger prey (20-50 μm) over smaller prey (2-5 μm and 5-20 
μm) in all treatments (Fig 4.8). Regarding prey shape, copepods in the Low pH treatment seemed 
to prefer high AR prey (circular) rather than low AR prey such as pennate diatoms (long and 
narrow) (Fig 4.8). Prey shape trends for the Control and Low pH + High Temp treatments seem 
to show no clear shape preference (Fig 4.8). Copepods also showed no clear preference for 
phytoplankton vs microzooplankton in the Control or Low pH treatment (Fig 4.8). However, in 
Low pH + High Temp, copepods seemed to select microzooplankton prey over phytoplankton 
prey (Fig 4.8).  
In Incubation 2, copepods did not clearly select a certain size prey as was seen in Incubation 1. 
Similarly, there is no evidence that copepods preferred one prey shape over another among the 
treatments. It is possible copepods in the Control treatment preferred high AR over low AR, but 
the third replicate value is missing due to conflict with a negative number. There is also no clear 
indication that copepod preference of phytoplankton or microzooplankton differed among the 
treatments.  





Additionally, across both incubations there was generally more variance in E* among replicates 
of the Low pH treatment compared to the Control and Low pH + High Temp treatments.  
 
Figure 4.8 Electivity Index values (Vanderploeg & Scavia 1979) for copepods grazing on different prey sizes, prey 
shapes, and prey types in the Control treatment (blue), Low pH treatment (yellow) and Low pH + High Temp 
treatment (orange) in Incubations 1 and 2 of Mesocosm Experiment 4. Black points show treatment means. 
 
4.5 Discussion  
Over the course of the 20-day mesocosm experiment, two sequential short-term grazing 
incubations were carried out designed to assess effects of single and combined climate stressors 
on copepod feeding behaviour. As in Chapter 3, traditional measures of copepod grazing were 
used including clearance and ingestion rates (Frost 1972) that were corrected for 
microzooplankton impact (Nejstgaard et al. 2001) using the two-point modification (Landry et al. 
1984; Landry et al. 2008; Landry et al. 2011; Chen 2015) of the original dilution method (Landry 
and Hassett 1982). These rates are shown in Tables 4.2 and 4.3 and Fig 4.7 and are the standard 
measures for quantifying net copepod ingestion of phytoplankton during the incubations, the 
results of which are discussed below. Similar to Chapter 3, the traditional methods that were 





implemented to assess copepod grazing in the system yielded some negative clearance and 
ingestion rates. This further supported the idea that the classic, disappearance-based method 
framework as a model for coastal productive ecosystems is limited in its capacity to resolve the 
complex trophic dynamics likely occurring in this system. Regardless, these are still the best 
methods available to understand copepod grazing on natural prey communities, and as such, I 
interpret the results from the present study in the same light through which I interpreted results 
presented in Chapter 3: as an alternative outcome of the methodological models that reflected the 
network of trophic processes and feedback responses within the ecological system. The negative 
rates found here corroborated the complexities of plankton trophic networks found and 
discussed in Chapter 3. Although in contrast to Chapter 3, results from the present study suggest 
acidification but not acidification in combination with warming could induce shifts in energy flow 
pathways in coastal plankton communities.  
4.5.1  Estimates of copepod grazing: rates and electivity 
Results from the ME4 incubations suggest that copepods grazed differently in the Low pH 
treatment compared to both the Control and the Low pH + High Temp treatments. 
 In Incubation 1, this difference was characterised by higher variability in clearance rates (Fig 
4.7A) and ingestion rates (Fig 4.7B) on the total prey field in the Low pH treatment compared to 
the other two treatments, even though means were all very similar (Tables 4.2 and 4.3). Further 
exploration of the data using one sample t-tests also revealed that clearance rates on the total 
prey field in the Low pH treatment of Incubation 1 were not significantly different from zero, but 
those of the Control and Low pH + High T treatments were (Supplementary Table A18). This 
supports a unique grazing response of the Low pH treatment that was not seen in either of the 
other two treatments. Ingestion rates, however, were only significantly different from zero in the 
combined stressor treatment (Supplementary Table A18). 





 In Incubation 2, this difference was characterised by lower net clearance and ingestion rates in 
the Low pH treatment. In addition, negative grazing rates were also observed in the Low pH 
treatment of both Incubations 1 and 2 that were not seen with the same frequency in the Control 
or at all in the Low pH + High Temp treatments (Fig 4.7). At face value, the lower rates in the Low 
pH treatment would suggest copepods ingested less carbon in this treatment. If this were indeed 
the case, it would suggest acidification may reduce the ability of copepods to obtain sufficient 
nutrients and have scope to reduce the quantity of nutrients reaching higher trophic levels, but 
not if is experienced together with warming. However, because negative rates precluded the 
detection of actual grazing activity within the incubation jars and indicated methodological 
assumptions from disappearance-based calculations were violated, they cannot be viewed as 
accurate estimates of copepod grazing rates. Instead, as explored in depth in Chapter 3, a 
network-based perspective of negative rates in the system suggests that low pH in Incubation 2 
induced a unique shift in the balance between growth and mortality in the incubation jars 
(Reckermann and Veldhuis 1997; Calbet et al. 2011; Calbet and Saiz 2013).  Furthermore, unlike 
Incubation 1, t-tests revealed that no clearance rates in any of the three treatments were 
significantly different from zero in Incubation 2 (Supplementary Table A18), and only ingestion 
rates of the Low pH + High Temp treatment were significantly different from zero 
(Supplementary Table A18).  
Copepod grazing in ME4 showed no significant differences in prey selectivity among treatments, 
which suggests changes in copepod prey preference did not drive shifts in trophic interactions 
among the treatments. However, it is possible copepods exhibited more nuanced prey preference 
patterns that could not be resolved by just investigating the general prey groups of size, shape, 
and type because a diverse community existed within each of these prey categories. For example, 
the microzooplankton community consisted of cells of various motile abilities, trophic modes, and 
biochemical compositions, all of which could have affected copepod prey selection or induced 
microzooplankton community trophic cascades (Mullin 1963; Kleppel 1993; Verity and Smetacek 





1996; Chen et al. 2013; Stoecker et al. 2017). Investigating copepod feeding selectivity at this level 
would require greater taxonomic resolution of the microzooplankton community and the 
establishment of more complex feeding guilds for analysis such as those described by Nejstgaard 
et al. (2001) and could be an area for further investigation within the context of climate change 
research. 
4.5.2 Implications for marine food webs 
Results from the present study suggest that the greatest change in plankton food web structure 
occurred in response to single stressor, low pH, rather than the combination of low pH and 
warming. This was evidenced by high variances and more instances of negative grazing (i.e. 
balance shift that favoured growth over mortality) that persisted even after a mathematical 
correction for the impact of microzooplankton grazing. If acidification were expected to act in 
isolation, these results would suggest that coastal plankton communities might shift to a 
network balance that favours growth over mortality that could involve switches in 
microzooplankton feeding modes or other network feedbacks (Verity and Smetacek 1996; First 
et al. 2009). This could then result in decreased trophic efficiency as more links are added 
(Pauly and Christensen 1995; Steinberg and Landry 2017), and net decrease in carbon ingested 
by copepods. But, in the future, a decrease in pH will occur simultaneously with an increase in 
temperature. When low pH was combined with higher temperature in the present experiment, 
copepod grazing was similar to that of the Control in terms of average rates and variance among 
replicates. This could indicate that when plankton food webs experience both future stressors 
simultaneously (at least at these levels at this time of year when dominated by T. turbinata), 
their structure and function may not be different from how they are under today’s conditions. 
Other studies have documented instances where warming seemed to mediate negative effects of 
acidification on the physiology of marine organisms (Melatunan et al. 2011; Kroeker et al. 2014; 
Büscher et al. 2017), though antagonistic effects of acidification and warming on plankton 
grazing dynamics to my knowledge have not been reported.   





4.5.3 Comparing zooplankton grazing in ME4 to ME3 
It is of note, however, that the results of ME4 differ somewhat from those of ME3 (Chapter 3) in 
which there was no evidence of a shift in grazing dynamics in the combined stressor treatment of 
ME4 (Low pH + High Temp), but there was evidence of such a shift in the combined stressor 
treatment of ME3 (Year 2100 treatment, pH 7.69, 18.2 °C). There are a few possible explanations 
for this difference between grazing responses observed in ME3 and ME4. First, the difference 
could be due to the different treatment temperatures or seasons in which the mesocosm 
experiments took place. While the plankton community in the Low pH + High Temp treatment in 
ME4 simulated warmer than normal temperatures for that time of year (i.e., treatment 
temperature of 16.5 °C as opposed to Control temperature of 13.0 °C), it was still not as warm as 
temperatures experienced by the community in Year 2100 treatment of ME3 (18.2 °C). Perhaps 
temperature in some way counteracted plankton grazing responses to acidification at 15.6 °C, but 
did not have the same effect at 18 °C. Previous studies have suggested that different responses of 
plankton trophic dynamics (including trophic switches) to warming were due to seasonal 
variations not in temperature, but nutrient supply (Lewandowska et al. 2014). At the time of all 
incubations, nitrate and ammonia were in the same ranges for both ME3 and ME4, but there were 
some differences in dissolved reactive phosphate and dissolved reactive silicate between the 
mesocosm experiments (Fig A4). Perhaps these differences could have affected grazing dynamics 
and could be explored further. Second, the difference could be due the different copepod grazers 
tested in those specific incubations. In ME3, results indicated that plankton trophic dynamics 
shifted under combined warming and acidification in Incubation 3, which tested the mixed 
copepod community that had established in the mesocosm bags over the experiment. In ME4, 
there was no evidence that combined stressors induced trophic shifts in Incubation 2, which 
tested wild-caught T. turbinata. These differences could highlight important differences in 
species- versus community-level responses to combined stressors and would be an area for 
further investigation.  





4.6 Conclusions  
Similar to the conclusion of Chapter 3, the disappearance-based methods used were not robust 
enough to produce accurate estimates of copepod grazing rates or resolve the full suite of trophic 
interactions occurring in the coastal ecosystem replicated in the mesocosms. Instead, the results 
suggested that T. turbinata and its associated trophic interactions shifted in some way under OA, 
but not OA and warming. This differed from results of previous ME3, which did demonstrate that 
trophic shifts were induced by the combined stressors. These results highlight diverse responses 
among species, and between species- community-level responses. Together with results from 
Chapter 3, the present study shows how the complexities of plankton food webs present 
challenges when predicting effects of OA and warming on coastal communities. However, 
understanding the range of responses and sources of variability are key to improving our 









Chapter 5: No evidence of altered relationship between diet 
and consumer fatty acid composition under combined 





Co-authors of this chapter: Moira Décima, Cliff Law, Mark Gall, Neill Bar, Matt Miller, Amandine Sabadel, 
Stephen Wing, Linn Hoffmann 
 





Chapter 5: No evidence of altered relationship between diet 
and consumer fatty acid composition under combined 
climate stressors 
5.1 Abstract 
Fatty acids (FA), especially polyunsaturated fatty acids (PUFA), are key biomolecules involved in 
immune responses, reproduction, and membrane fluidity. PUFA in marine environments are 
synthesized exclusively by primary producers, and it is important that the FA compositions of 
these organisms at the base of the food web (i.e., phytoplankton) and their primary consumers 
(i.e., zooplankton) are conducive to supporting the health and productivity of entire ecosystems 
as they are transferred to higher trophic levels. However, environmental conditions such as pH 
and temperature, which are predicted to change in the future, can affect the FA composition of 
phytoplankton and zooplankton at both the organismal and community level. Here, using a 
mesocosm-based experimental design consisting of Control, Low pH, and Low pH + High 
Temperature treatments, an investigation was carried out to better understand the effects of 
future ocean conditions on 1) the fatty acid composition of a natural prey community for 
zooplankton (i.e. phytoplankton and microzooplankton), 2) the fatty acid composition of 
zooplankton, and 3) the relationship between prey and consumer fatty acid compositions. 
Significant effects of climate stressors were not detected on the fatty acid composition of the diet 
or the relationship between diet and consumer fatty acids. However, a significant decrease in 
C18:4n-3 (stearidonic acid) that was observed in the zooplankton but not their diet suggested 
that combined acidification and warming may have directly affected zooplankton physiology 
regardless of the FA composition of the diet. It is possible that multiple layers of variability 
precluded other significant results during this short-term experiment, but at the same time, these 
findings highlight the importance of climate investigations on innate dynamics and variability 
contained within natural communities.  






Fatty acids are critical biomolecules for all marine organisms. Animals mainly use high-calorie 
saturated fatty acids (SFA, fatty acids with no carbon-carbon double bonds) for energy, whereas 
polyunsaturated fatty acids (PUFA, fatty acids with multiple carbon-carbon double bonds) are 
more important for maintaining cellular physiology (Brett and Müller-Navarra 1997). For 
example, PUFA are involved in immune responses in all animals (Calder and Grimble 2002) and 
have been shown to affect reproduction (e.g., Jónasdóttir et al. 2009) and membrane fluidity (e.g., 
Farkas et al. 1988) in marine zooplankton. However, only photosynthetic organisms can 
efficiently synthesize a subset of PUFA known as essential fatty acids, thus the ability of animals 
to function and reproduce largely depends on the quality and quantity of PUFA available in their 
diet (Brett and Muller-Navarra 1997). Phytoplankton are the main primary producers of these 
PUFA in marine ecosystems, and zooplankton, as their main consumers, act as conduits for the 
quantity and quality of these organic nutrients to higher trophic levels in marine ecosystems. 
Accordingly, any changes in phytoplankton fatty acids, zooplankton fatty acids, or the transfer 
between these two organisms can have flow-on effects through the marine food web. 
In zooplankton, many PUFA such as eicosapentaenoic acid (EPA, 20:5n-3) and docosahexanoic 
acid (DHA, 22:6n-3) are indicators of high quality food (Gulati and Demott 1997). Levels of PUFA 
and other essential fatty acids in the diet and tissue of female zooplankers tend to be positively 
correlated with fecundity (Jónasdóttir 1994; Kleppel et al. 1998; Arendt et al. 2005; Jónasdóttir 
et al. 2009), although levels of stearidonic acid (SDA, C18:4n-3) have shown negative correlations 
with copepod egg production and hatching (M. Chen et al. 2012). EPA and arachidonic acid (ARA, 
20:4n-6) are important precursors to eicosanoids, molecules that regulate various  physiological 
processes in zooplankton including egg production, egg hatching, and immune responses (Brett 
and Müller-Navarra 1997). PUFA are also important for homeoviscous adaptation, the process 
through which cell membrane fatty acid structure is adjusted to maintain membrane fluidity 





under various environmental conditions, especially temperature fluctuations (Pruitt 1990; van 
Dooremalen and Ellers 2010).  
We know organisms in the future ocean will experience multiple climate stressors simultaneously 
because the increased anthropogenic carbon dioxide (CO2) released into the atmosphere will 
likely result in both ocean warming and ocean acidification (Doney et al. 2009). However, our 
current understanding of the effects of climate change on plankton fatty acids is largely based on 
single-stressor studies. Evidence suggests that phytoplankton PUFA content may decrease as the 
oceans warm and become more acidic, either directly through cellular biochemical changes 
(Hixson and Arts 2016) or indirectly through shifts in the taxonomic composition of the 
phytoplankton community (Galloway and Winder 2015). Many studies report zooplankton have 
higher PUFA concentrations after exposure to cold temperatures and lower PUFA concentrations 
after exposure to warmer temperatures (Farkas 1979; Schlechtriem et al. 2006). These findings 
support the well-known mechanism of altering PUFA as an adaptation to regulate membrane 
fluidity in direct response to temperature (Pruitt 1990; van Dooremalen and Ellers 2010). 
However, contrasting studies report higher PUFA concentrations in organisms at higher 
temperatures (Kattner and Hagen 2009; Werbrouck et al. 2016), suggesting direct responses of 
zooplankton FA to warming seas will be variable. Only a few studies to date have investigated 
direct effects of OA as a single stressor on zooplankton FA content. For example, brine shrimp 
underwent acidification-induced changes in the relative content of total PUFA, EPA (C20:5n-3), 
and linoleic acid (C18:2n-6) over the course of 14 days at pH 7.8 and 7.6 (Gao et al. 2018). On the 
other hand, acidification did not affect the fatty acid content of krill except when krill were 
exposed to extreme CO2 concentrations of 4000 ppm (~pH 7.1) (Ericson et al. 2019). There is also 
evidence that OA could affect the FA content of zooplankton indirectly through OA-induced 
changes in the FA content of their phytoplankton prey (Rossoll et al. 2012), and result in 
decreased zooplankton reproduction (Rossoll et al. 2012; Meyers et al. 2019).  





Previous multi-stressor experiments on various marine taxa have revealed a range of interactive 
effects on vital rates and processes such as growth, reproduction, and calcification (see meta-
analyses Byrne and Przeslawski 2013, Harvey et al. 2013). Little is known about the responses of 
FA to combined warming and acidification but new research has begun to address this knowledge 
gap. For example, the overall fatty acid composition of a benthic marine gastropod (Dicathais 
orbita) was significantly affected by OA and temperature separately, but not synergistically 
(Valles-Regino et al. 2015). However, the authors did detect a synergistic effect of OA and 
warming on total PUFA composition of D. orbita (Valles-Regino et al. 2015). When exposed to 
both stressors, sponges altered their lipid content in response to CO2 in a way that facilitated 
resistance to higher temperatures (Bennett et al. 2018). From the limited literature on combined 
stressors and FA in zooplankton, warming tended to affect fatty acid content in copepods more 
than OA did, and significant interactive effects on fatty acid content when copepods were exposed 
to both stressors have been observed (Garzke et al. 2016; Garzke et al. 2017). 
Because fatty acids are crucial for marine ecosystem functioning, it is important to investigate not 
only how fatty acid compositions of primary producers and primary consumers  respond to future 
conditions, but also how the relationship between diet and consumer fatty acids responds. The 
studies mentioned above have reported on phytoplankton and zooplankton fatty acids separately 
in the context of combined stressors, but to-date an investigation of combined warming and 
acidification effects on the compositions of and relationships between diet and consumer fatty 
acids in a natural zooplankton community has not yet been carried out. Here, an outdoor 
mesocosm approach was used to assess the impact of OA alone and in combination with warming, 
at levels consistent with predictions of conditions in the future ocean, on 1) the FA composition 
of the zooplankton diet, 2) the FA composition of the zooplankton, and 3) the relationship 
between diet and zooplankton FA compositions.  Based on previous studies, it was hypothesised 
that there would be differences in the phytoplankton and zooplankton fatty acids subjected to 
acidification alone and acidification in combination with warming compared to those from the 





Control treatment. In particular, plankton in the combined stressor treatment were predicted to 
show decreased PUFA based on the adaptive membrane response to increased temperature 
(Farkas 1979; Pruitt 1990; Schlechtriem et al. 2006; van Dooremalen and Ellers 2010). Results of 
the present study contribute to our understanding of role of the phytoplankton-zooplankton link 
as a key step in the trophic transfer of fatty acids in future marine ecosystems.  
5.3 Methods 
5.3.1 Mesocosm structure and experimental design 
The present study was carried out within the fourth mesocosm experiment (ME4), one year after 
ME3 (Chapter 3), conducted as part of the Coastal Acidification: Rates, Impact, and Management 
(CARIM) project, a larger collaboration headed by the New Zealand National Institute of Water 
and Atmospheric Science (NIWA). The experimental design for ME4 was similar to that of ME3 
(presented in Chapter 3), but different in some ways. ME4 took place in October-November 2018 
in an outdoor pool (4 m depth) at NIWA, Wellington, NZ (-41.301249, 174.804990) and ran for 
20 days. The pool accommodated nine 4,000-L mesocosm bags (Fig 5.1A) that were 3.7 m tall 
with 1.2 internal diameter (Fig 5.1B). Each were fitted with a solid plastic base (lower former) 
and a transparent Perspex® lid attached to an upper former (Fig 5.1B). Each bag was covered 
with a shade screen and filled with water from nearby Evan’s Bay. Water was not screened during 
the pumping process in order to include the natural plankton community in the mesocosm bags, 
though it is likely some fragile micro- or mesozooplankton were damaged during this process. 
The space between the lid and water level in the bags accommodated a headspace and an 
integrated mixing system to ensure vertical uniformity in water properties. pH was controlled by 
a CO2 diffuser, and temperature was controlled by a heat exchange unit (Fig 5.1B) (Law et al. 
2020). 





A control plus two environmental treatments were implemented in triplicate and were 
maintained at the following conditions: 1) Control (13.0 °C, pH 8.05), 2) Low pH (13.0 °C, pH 7.65), 
and 3) Low pH + High Temperature (16.5 °C, pH 7.65) (Fig 5.1C). Temperature and pH were 
monitored continuously in all bags and controlled in the treatment bags by a Labview software 
system. Any changes in pH or temperature that were detected by the pH and temperature sensors 
were relayed to the Labview system. The Labview system then responded to these changes by 
readjusting pH via CO2 injection through permeable diffusion coil (Fig 5.1B) and temperature via 
a heating element (Fig 5.1B). An Exosonde system that incorporated sensors for temperature, pH, 
dissolved oxygen, salinity, and fluorometry was connected to an in-line system that pumped 
water from each bag every hour so that environmental conditions were monitored continuously 
and any issues could be rapidly identified and remediated (Law et al. 2020). 
Nutrients were added daily to maintain replete concentrations.  These included nitrate, 
ammonia, phosphate, and silicate. Time-series of dissolved nutrients, salinity, PAR, temperature 
and salinity, are showed in Supplementary Fig A4. 
 






Figure 5.1. Photo of mesocosm set up (A), diagram of bag specifications (B), and schematic of experimental set 
up for ME4 (C). Photo of mesocosm set up (A), diagram of bag specifications (B), and schematic of experimental 
design (C). The experiment consisted of nine bags (numbered circles) and three experimental treatments: Control 
(blue), Low pH (yellow), and Low pH + High Temp (orange). Figures A and B were adapted from Law et al. 2020. 
 
5.3.2 Zooplankton seeding 
Each mesocosm bag was seeded with a pre-concentrated sample of the zooplankton community 
from Evan’s Bay, adjacent to the study location. Zooplankton were collected on 24th September, 
2018 from the entrance of Evan’s Bay, Wellington, New Zealand (Lat: -41.28285, Lon: 174.82985). 
Short-duration (~6 min) horizontal plankton tows (0.5 m diameter, 505 m mesh) were deployed 
from the stern of the RV Rahope and towed for a distance of ~225 m at a speed of ~1.2 knots. A 
transect between two set points (Point 1: -41.28285, 174.82985; Point 2: -41.28493, 174.83115) 
was run nine times, both ways, for a total of 18 plankton tows. Tow contents were distributed 





into nine 20 L buckets in order to seed each of the nine mesocosm bags. Collected zooplankton 
were immediately transported back to the laboratory where they were kept cool and in low light 
until seeding on the morning of Day 1 (25th September, 2018). The approximate volume filtered 
for each tow was 50.1 m3, which corresponded to seeding each mesocosm bag with the 505 m 
Evan’s Bay plankton community filtered from 100.2 m3 of sea water. 
5.3.3 Diet and zooplankton sampling 
Particulate organic matter (POM) in the mesocosms, consisting of phytoplankton and 
microzooplankton, was considered to represent the zooplankton diet. On Days 2, 4, 8, 12, 16, and 
20, POM from each mesocosm bag was filtered onto pre-combusted glass fibre filters (grade GF/F, 
47-mm, pore size 0.7m) and frozen at -80 °C until fatty acid content analysis.  
Sampling and sorting of mesozooplankton in the mesocosm bags was designed to i) maximize the 
numbers of animals caught so that  enough zooplankton was collected for the analysis, and ii) 
ensure that zooplankton fatty acid analyses was not contaminated with phytoplankton, since the 
purpose of the present study was to determine the response of both groups separately, as well as 
the links between the two.  On Day 20, zooplankton were sampled using eight repeated vertical 
net tows (23 cm diameter, 64 m mesh) into each mesocosm bag, filtering ~1130 L, equivalent 
to ~¼ of the total volume within the mesocosm bag. After each tow, the cod-end was removed 
and contents were emptied onto a 47 mm, 80 m nitex mesh filter; however the net was only 
rinsed in between sampling of each mesocosm bag. Sampled zooplankton were then filtered onto 
nitex mesh filters, and frozen at -80 °C.  Sorting of zooplankton was done to avoid the 
contamination of detritus, visibly present on most filters.  During sorting, previously frozen 
zooplankton were first re-suspended in filtered seawater, and then picked clean so they were free 
of detritus and algae. Because samples were often sticky, we erred on the side of not including all 
zooplankton, but ensuring that all or most zooplankton included were clean of phytoplankton and 
detritus bits stuck to them. Clean zooplankton were subsequently transferred onto pre-





combusted GF/F filters. The GF/F filters were then frozen at -80 °C until fatty acid content 
analysis. Fatty acid content is from here on reported as % of total, because the sampling, 
maximizing collection of biomass and minimizing contamination, precluded the quantitative 
measure of total FA per zooplankton biomass. 
5.3.4 Fatty acid content analysis 
Direct methylation of the samples with the addition of an internal standard was used as it was 
possible to greatly simplify the analytical methodology to enable rapid throughput of 20-40 
samples for fatty acid analyses per day (Parrish et al. 2015). Samples were extracted and 
methylated in 5 mL of freshly made 10:1:1, MeOH:HCl:CHCl3 . Samples were heated at 100 °C for 
1.5 hr with 10 min of sonication after 45 min. Fatty acids methyl esters (FAMEs) were extracted 
after the addition of 1 mL of MilliQ, in 1 mL of 4:1 Hexane:CHCl3. Extraction was repeated three 
times to recover all of the FAME. Known concentrations of the internal standard (Nonadecanoic 
acid C19:0 and/or Tridecylic acid 13:0, Nu-Check Prep, Elysian, MN, USA) were added, and the 
samples were made up to 100 µL. The samples were injected on an Agilent 6890 with a flame 
ionised detection and analysed. The FAMEs were analysed according to AOAC 963.22. FAMES 
were analysed on a Supelco SPTM-2560 column which was 100 m x 0.25 mm in diameter with 
0.2 µm  film thickness fused silica column. An initial temperature of 60 °C was maintained for 5 
min ramping at 15 °C  per min to 165 °C, which was maintained for 1 min prior to raising 
temperature by 2 °C per min to 225°C which was held for 20 min.  Samples were identified using 
an external FAME standard (Supelco 37 Component FAME, Sigma Aldrich, Auckland NZ). A 
subsample was analysed by Gas Chromatography – Mass spectroscopy (GC-MS) under similar 
conditions to confirm identifications of samples not contained in the external standard mix. The 
GCMS was an Agilent 7890 with an Agilent 5977A MS.  





5.3.5 Prey field abundance and community analysis  
Changes in the community composition of the diet were identified using a FlowCam particle 
imaging machine (Fluid Imaging Technologies, Inc.) fitted with a 300 μm flow cell and 10x 
objective lens. Water samples (250 ml) were concentrated before analysis by gentle vacuum-
filtration onto a 2.0-μm nylon membrane filter (Whatman 47-mm) until only about 7 ml of the 
sample remained above the filter. Using 0.2-μm filtered seawater, the sample retained by the filter 
was then washed into a 15-ml falcon tube and brought up to 10 ml total volume. Each 
concentrated sample was then gently mixed before being dispensed through the FlowCam. 
FlowCam particle image files were analysed using Visual SpreadSheet (Fluid Imaging 
Technologies, Inc. software version 4.14.6). Images from each sample were quality controlled for 
erroneous particles (e.g., fibers, detritus, etc.). The mean ABD volume (μm3) of each group was 
then used to convert particle volume and abundance to carbon biomass using the following 
conversion equations from Menden-Deuer and Lessard (2000) for phytoplankton (Equation 5.1) 






5.3.6 Zooplankton community identification 
Samples of zooplankton were rinsed in tap water through a 50 μm sieve, placed on a sorting tray, 
and counted and identified to species level if possible.  





5.3.7 Data analysis 
To test for treatment differences in both diet and zooplankton fatty acid compositions, either one-
way ANOVAs combined with pairwise Tukey’s HSD post-hoc tests or Kruskal-Wallis tests were 
used (depending on normality determined by Shapiro-Wilks tests) (R tidverse statistical package, 
Wickham 2017). Multivariate analysis visualized by principle components was used to 
demonstrate similarities in the full suite of fatty acids in the diet and zooplankton among 
replicates and treatments (PRIMER 6 Version 6.1.14 and PERMANOVA+ Version 1.0.4 © 2012 
PRIMER-E Ltd).  
The relationship between diet and zooplankton fatty acids was assessed by plotting diet fatty 
acids at each time point against zooplankton FA at day 20, and then fitting liner regression models 
to the combined set of data at each time point (i.e. excluding treatment). To test whether 
treatment affected this relationship, treatment-specific and non-treatment specific linear models 
were compared using analyses of covariance (ANCOVA) (R tidyverse statistical package, Wickham 
2017). 
5.4 Results 
5.4.1 Mesocosm development 
5.4.1.1 pH, temperature, and nutrients 
As described for ME4 in Chapter 4, all nine mesocosm bags maintained the target temperature 
and pH conditions for the full duration of the experiment, and these conditions showed very little 
variance among bags. Details of pH, temperature, and nutrients are described in more detail in 
Chapter 4, and time series of pH, temperature, and nutrients are shown in Supplementary Fig A4. 





5.4.1.2  Succession of the prey field 
Also as described in Chapter 4, the biomass and composition of the prey field varied over time. 
Total biomass was highest at the start of the experiment and generally declined throughout (Fig 
5.2A). Different size classes within the total prey field changed over time in different ways. For 
example, prey particles within the 2-5 µm and 5-20 µm size classes tended to increase over time 
(Figs 5.2B and 5.2C), while 20-50 µm sized particles tended to decrease (Fig 5.2D). Prey field 
succession also differed among different bags of the same treatment, such as Bag 9 of the Low pH 
+ High Temp treatment (orange dot-dashed line) (Fig 5.2). 






Figure 5.2 Prey field biomass (μg C L-1) succession over the 20-day Mesocosom Experiment 4. A) total prey 
field, B) 2-5 μm size class, C) 5-20 μm size class, D) 20-50 μm size class. 
 
 
5.4.2 Fatty acid composition of the prey field 
 There were no significant differences in the relative fatty acid composition of the diet regarding 
SFA, MUFA, and PUFA among treatments at any sampled time point (Fig 5.3). Relative SFA content 
in the zooplankton diet fluctuated over time. SFA increased slightly from 56%, 54%, and 52% at 
the start of the experiment (Day 2) to 63%, 60%, and 60% at the end of the experiment ( Day 20) 
in the Control, Low pH, and Low pH + High Temp treatments, respectively (Fig 5.3). For the first 
eight days of the experiment, MUFA made up around 35% of total fatty acid content in all 





treatments (see Supplementary Tables A19-A21 for specific values). Then on Day 12, proportions 
of MUFA decreased in all treatments, and at the end of the experiment MUFA comprised 28% in 
both the Control and Low pH treatments and 25% in the Low pH + High Temp treatment (Fig 5.3). 
Relative PUFA content also fluctuated over time. PUFA always comprised between 10 and 16% of 
total fatty acid content in the diet (Fig 5.3). Between the start and end of the experiment, relative 
PUFA content in the Low pH and Low pH + High Temp treatments increased slightly, while 
relative PUFA content in the Control decreased slightly (Fig 5.3).  
The relative composition of individual fatty acids in the prey field differed the most between 
treatments at the start of the experiment (Day 2) compared to the middle (Day 12) or end of the 
experiment (Day 20) (Supplementary Tables A19-A21). The initial differences (Day 2) included 
lower C22:0 and C16:1 and higher C18:1n-7 and C18:3n-4 in the Low pH treatment compared to 
the other two treatments (p-values<0.05) (Supplementary Table A19). By the end of the 
experiment (Day 20), relative concentrations of these fatty acids did not differ among treatments, 
but relative concentrations of C18:4n-3 were significantly higher in the Low pH + High Temp 
treatment compared to the Control treatment (p-value<0.05) (Supplementary Table A21). In 
accordance, principle component analysis of individual fatty acid proportions of the prey field 
revealed distinct treatment clustering at Day 2 (Supplementary Fig A5), but not at Day 12 
(Supplementary Fig A6) or Day 20 (Supplementary Fig A7). 






Figure 5.3 Mean relative concentrations of fatty acids in the zooplankton diet from Day 2 to Day 20 of Mesocosm 
Experiment 4. A) saturated fatty acids (SFA), B) monounsaturated fatty acids (MUFA), and C) polyunsaturated fatty 
acids (PUFA). Error bars represent +/- standard deviation (n=3). 
 
5.4.3 Taxonomic composition of the zooplankton community 
Thirty zooplankton taxon groups were identified in the zooplankton community of the 
mesocosms that were analysed for fatty acid composition, and are listed in Table 5.1. The six most 
abundant groups were nauplii, Euterpina acutifrons, Oithona spp., Paracalanus spp., copepodites, 
and Temora turbinata (Table 5.1). Some aspects of the zooplankton community composition 
changed over time, but there were no significant treatment differences detected. At the start of 
the experiment, nauplii and Oithona spp. were the two most abundant groups, both present in 
abundances of roughly 5,000 individuals m-3 (Fig 5.4A, Supplementary Table A22). At the end of 

































an order of magnitude (Fig 5.4B, Table 5.1). On Day 20, average nauplii abundances were >10,000 
ind m-3 in all treatments (Fig 5.4B, Table 5.1), but there was also high variability among the 
replicates with some mesocosm bags only having around 6,000-7,000 nauplii m-3 (Supplementary 
Table A23). On average, this change represented an increase of 5000-10,000 ind m-3 since Day 0 
(Fig 5.4). Oithona spp. on the other hand decreased on average by >2,500 ind m-3 (Fig 5.5). 
Abundances of all taxa at Day 0 and Day 20 in each mesocosm bag are shown in Supplementary 
Tables A22 and A23, respectively, and data corresponding to changes in abundance shown in Fig 
5.5 are shown in Supplementary Table A24. 
 
Figure 5.4 Mean abundances (individuals m-3) of taxa within the zooplankton community at Day 0 and Day 20 of 










Figure 5.5 Mean change in number of individuals from Day 0 to Day 20 of Mesocosm Experiment 4. Taxa shown 
were the six most abundant taxa at Day 20. Error bars represent +/- standard deviation (n=3). 





Table 5.1 Mean number of individuals m-3 (+/- standard deviation, n=3) comprising the zooplankton community in 




5.4.4 Fatty acid composition of the zooplankton community 
Similarly to the prey field, there were no significant differences in zooplankton fatty acid 
composition regarding SFA, MUFA, and PUFA among the treatments at the end of the experiment 
(Day 20) (Table 5.2). PUFA comprised on average 18% of total fatty acids in zooplankton from 
Taxon
Nauplii 11967.54 ± 6227.65 10349.58 ± 4667.13 13261.91 ± 5241.22
Euterpina acutifrons 2251.77 ± 586.85 2019.10 ± 537.56 2168.87 ± 625.91
Oithona  spp. 1556.45 ± 1279.07 2818.72 ± 2085.10 361.03 ± 258.23
Paracalanus  spp. 665.90 ± 958.97 61.51 ± 56.35 155.11 ± 214.43
Copepodite indet (small) 641.83 ± 1001.68 48.14 ± 83.38 42.79 ± 46.32
Temora turbinata 344.99 ± 521.12 26.74 ± 25.79 104.30 ± 125.32
Corycaeus  spp 85.58 ± 4.63 45.46 ± 32.42 42.79 ± 36.18
Euterpina  sp. 69.53 ± 23.16 85.58 ± 24.51 53.49 ± 24.51
Centropoges auck landicus 37.44 ± 58.04 2.67 ± 4.63 5.35 ± 9.26
Acartia  spp. 24.07 ± 21.23 5.35 ± 9.26 0.00 ± 0.00
Bivalve Spat 21.39 ± 20.19 21.39 ± 20.19 66.86 ± 32.42
Barnacle cyprid 21.39 ± 12.26 5.35 ± 9.26 13.37 ± 12.26
Noctiluca scintillans 18.72 ± 25.79 74.88 ± 16.70 5.35 ± 4.63
Chaetognaths 8.02 ± 8.02 5.35 ± 9.26 <0.01 ± 0.00
Harpacticoid indet 8.02 ± 13.90 <0.01 ± 0.00 10.70 ± 12.26
Polychaete larva 8.02 ± 8.02 24.07 ± 8.02 8.02 ± 13.90
Barnacle nauplii 5.35 ± 4.63 8.02 ± 8.02 2.67 ± 4.63
Copepodite indet (large) 5.35 ± 9.26 <0.01 ± 0.00 <0.01 ± 0.00
Tintinnids 2.67 ± 4.63 <0.01 ± 0.00 2.67 ± 4.63
Decapoda 2.67 ± 4.63 5.35 ± 4.63 2.67 ± 4.63
Gastropoda indet 2.67 ± 4.63 <0.01 ± 0.00 8.02 ± 8.02
Fritillaria  sp <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00
Cladocerans <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00
Small Medusa <0.01 ± 0.00 <0.01 ± 0.00 10.70 ± 9.26
Calanus australis <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00
Microsetella <0.01 ± 0.00 2.67 ± 4.63 <0.01 ± 0.00
Oncaea  spp. <0.01 ± 0.00 5.35 ± 9.26 <0.01 ± 0.00
Euphausiid larva <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00
Polychaete others <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00
Ciona  sp. <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00
Total 17749.40 ± 4550.36 15615.30 ± 5499.23 16326.67 ± 6278.28
Day 20
Control Low pH Low pH + High T





the Control, but only 11% of total fatty acids in zooplankton from Low pH + High Temp (Fig 5.6, 
Table 5.2). In the single-stressor Low pH treatment, PUFA comprised 13% of zooplankton total 
fatty acids. The final proportions of SFA (59%, 61%, 65%) and MUFA (22%, 26%, 23%) in 
zooplankton were not significantly different among the Control, Low pH, or Low pH + High Temp 
treatments, respectively (Fig 5.6, Table 5.2).  
 
Figure 5.6 Mean relative concentrations of zooplankton fatty acids at the start (Day00) and end (Day 20) of 
Mesocosm Experiment 4. A) saturated fatty acids (SFA), B) monounsaturated fatty acids (MUFA), and C) 
polyunsaturated fatty acids (PUFA) at the start (Days 0) and end (Day 20) of the experiment. Error bars represent 
+/- standard deviation (n=3). 
 
Some significant differences were observed in individual zooplankton fatty acids between the 
Control and Low pH + High Temp treatments at Day 20. The relative composition of the SFA C22:0 
was significantly higher in the Low pH + High Temp compared to the Control (p-value<0.05), 
whereas the relative composition of the PUFA C18:4n-3 (stearidonic acid) was significantly lower 
(p-value<0.05) (Table 5.2). 
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Table 5.2 Mean relative zooplankton fatty acid concentrations (% of total fatty acids) at Day 0 (Initial) and Day 20 
of Mesocosm Experiment 4. Low pH + High Temp treatment means that are significantly different from the Control 
are designated by (*) (p-value<0.05). 
 
Principal component analysis of individual fatty acid proportions in zooplankton separated the 
Day 20 Control treatment replicates from replicates of the other two treatments (Fig 5.7). Vector 
overlay of Pearson correlations (>0.8) indicates that this separation was mainly driven by higher 
percentages of particular PUFA, many of which were omega-3 FA, in zooplankton from the 
Control compared to the other treatments, mainly C18:3n-4, C18:4n-3, C20:4n-3, C20:5n-3, and 
C22:6n-3 (Fig 5.7). The separation was also driven by higher percentages of individual SFA and 
Mean ± SD Mean ± SD Mean ± SD
C12:0 Lauric acid 0.18 0.13 ± 0.12 0.08 ± 0.14 0.00 ± 0.00
C14:0 Myristic acid 6.63 10.39 ± 4.34 11.48 ± 1.38 10.41 ± 1.86
C15:0 Pentadecanoic acid 0.61 0.90 ± 0.13 1.11 ± 0.17 1.09 ± 0.19
C15:0a anteiso-pentadecanoic acid 0.12 0.25 ± 0.08 0.29 ± 0.10 0.89 ± 0.93
C15:0i iso-pentadecanoic acid 0.21 0.51 ± 0.13 0.52 ± 0.24 0.66 ± 0.15
C16:0 Palmitic acid 21.37 30.79 ± 3.17 32.77 ± 3.12 35.46 ± 4.99
C17:0 Heptadecanoic acid 0.74 1.20 ± 0.17 1.29 ± 0.27 1.54 ± 0.25
C18:0 Stearic acid 5.77 12.84 ± 7.29 10.76 ± 0.26 12.42 ± 1.57
C20:0 Arachidic acid 0.49 0.52 ± 0.13 0.60 ± 0.13 0.79 ± 0.12
C22:0 Behenic acid 0.50 0.56 ± 0.10 0.77 ± 0.13 0.95 ± 0.16 *
C23:0 Tricosanoic acid 0.00 0.15 ± 0.13 0.16 ± 0.14 0.00 ± 0.00
C24:0 Lignoceric acid 0.22 1.12 ± 0.44 1.59 ± 0.31 1.98 ± 0.58
C16:1 Palmitoleic acid 8.98 14.50 ± 2.98 19.61 ± 0.45 18.02 ± 3.29
C17:1 cis-10-heptadecanoic acid 0.00 0.00 ± 0.00 0.11 ± 0.10 0.00 ± 0.00
C18:1n-7 Vaccenic acid 4.38 2.96 ± 0.91 2.65 ± 0.40 2.65 ± 0.51
C18:1n-9c Oleic acid 4.27 3.59 ± 1.38 2.66 ± 0.69 1.98 ± 0.14
C20:1 Gadoleic acid 0.43 0.25 ± 0.15 0.09 ± 0.15 0.00 ± 0.00
C24:1 Nervonic acid 0.97 1.03 ± 0.86 0.49 ± 0.37 0.65 ± 1.12
C16:2n-4 Hexadecadienoic acid 0.83 0.59 ± 0.12 0.89 ± 0.44 0.30 ± 0.35
C18:2n-6c Linoleic acid (LA) 0.92 1.69 ± 0.09 1.21 ± 0.43 1.32 ± 0.40
C18:3n-3 Alpha-linolenic acid (ALA) 0.57 0.67 ± 0.33 0.36 ± 0.10 0.23 ± 0.24
C18:3n-4 Octadecatrienoic acid 0.37 0.25 ± 0.10 0.17 ± 0.15 0.00 ± 0.00
C18:3n-6 Gamma-linolenic acid 0.11 0.30 ± 0.06 0.29 ± 0.03 0.20 ± 0.20
C18:4n-3 Stearidonic acid 1.82 1.41 ± 0.21 0.96 ± 0.37 0.57 ± 0.32 *
C20:4n-3 Eicosatetraenoic acid 0.00 0.33 ± 0.18 0.28 ± 0.25 0.00 ± 0.00
C20:4n-6 Arachidonic acid (ARA) 1.28 0.56 ± 0.02 0.50 ± 0.19 0.25 ± 0.43
C20:5n-3 Eicosapentaenoic acid (EPA) 20.52 6.48 ± 1.08 4.68 ± 1.87 3.70 ± 1.99
C22:2 Dicosadienoic acid 0.00 0.25 ± 0.27 0.00 ± 0.00 0.00 ± 0.00
C22:5n-3 Docosapentaenoic acid 0.59 1.13 ± 0.85 0.36 ± 0.31 1.18 ± 1.71
C22:6n-3 Docosahexaenoica acid (DHA) 16.56 4.65 ± 0.71 3.28 ± 1.32 2.77 ± 1.19
36.85 59.36 ± 5.95 61.41 ± 4.45 65.53 ± 4.45
19.22 22.42 ± 3.75 25.81 ± 0.77 23.48 ± 0.84
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MUFA in zooplankton from the Low pH and Low pH + High Temp treatments compared to the 
Control, mainly C17:0, C20:0, and C22:0 (Fig 5.7). 
 
Figure 5.7 Principle component analysis of individual fatty acid proportions of total fatty acid of Mesocosm 
Experiment 4. PC1 describes 36.7% and PC2 describes 25.6% of the variation (cumulative = 62.3%). Colours 
indicate treatment. Vectors indicate Pearson correlations >0.8. Boxes show groupings of individual PUFA (left) and 
SFA (top right). 
 
Linear models revealed linear relationships between the zooplankton FA composition at Day 20 
and diet FA composition (Fig 5.8) (p-values<0.001). The fit of the combined data set (i.e. all 
treatments together) to the linear models improved with time as evidenced by decreasing 
confidence intervals, increasing r2 values, and residuals approaching zero (Supplementary Fig 
A8). Analyses of covariance (ANCOVA) showed treatment did not significantly affect this 
relationship at any time point (Supplementary Table A25).  






Figure 5.8 A) Linear regression models of the relationship between diet FA at each time point and zooplankton FA 
at Day 20 of Mesocosm Experiment 4. Linear models were fitted to the combined data set (grey line + 95% 
confidence interval) at each time point. Reference line (black) slope = 1.  
 
5.5 Discussion 
The results of the present study provide no evidence that decreased pH or decreased pH 
combined with increased temperature significantly affected the overall relative SFA, MUFA, or 
PUFA compositions of particulate organic matter (i.e. the zooplankton diet) or zooplankton. 
Furthermore, no effect was detected of climate stressors on the relationship between diet and 
zooplankton fatty acid composition. However, trends were observed in some zooplankton FA that 
differed from the trends seen in the diet. Here these results are discussed within the context of 
potential direct and indirect effects of acidification and warming on the fatty acid compositions 
of zooplankton and their prey communities. Also discussed is the effect of pH and temperature 





on the relationship between diet and consumer fatty acids with implications for trophic transfer, 
and =sources of variability in the present study are addressed. 
5.5.1 Plankton fatty acids in a future ocean 
5.5.1.1 Fatty acids in the prey field 
The relative fatty acid composition of the zooplankton diet shifted over time, but it was not 
affected by treatment (Fig 5.3). The initial prey field during ME4 was taxonomically diverse and 
consisted mainly of small flagellates, dinoflagellates, and diatoms, which are also diverse in their 
natural FA compositions (Arts et al. 2009). Microscopy analysis revealed some parts of the prey 
field did respond to treatment differently (Law et al. in submission). Diatoms, in particular the 
pennate diatom Cylindrotheca closterium, increased significantly (p-values<0.05) during the last 
few days of the experiment in the Low pH and Low pH + High Temp treatments but not in the 
Control (data not shown, Law et al. in submission). However, there were no treatment differences 
in relative proportions of SFA, MUFA, or PUFA in the diet that would suggest the increase in C. 
closterium influenced the FA profile of the prey field with respect to these general FA groups. The 
individual fatty acids C16:1 and C20:5n-3 are often used as trophic markers for diatoms 
(Dalsgaard et al. 2003; Arts et al. 2009), and with an increase in diatoms in the Low pH + High 
Temp treatment, it would not be surprising to also see increases in these fatty acids within the 
prey community. However, at Day 20 there were no significant differences in either of these fatty 
acids among treatments. This suggests prey community FA composition was not affected by prey 
community species shifts, and that the zooplankton prey field would maintain its nutritional 
integrity with respect to major fatty acid groups even if the species composition changed.  
5.5.1.1 Unique trends in zooplankton PUFA 
Fatty acid data for zooplankton was limited to two time points, Day 0 and Day 20. At Day 20, no 
significant treatment differences were observed, but relative PUFA content was lower in the 
combined stressor treatment compared to the Control. This trend is supported by the 





significantly lower relative composition of the PUFA C18:4n-3 in the Low pH + High Temp 
treatment (p-value<0.05, Table 5.2), and no correlation between individual PUFA, including 
C18:4n-3, and the Low pH + High Temp treatment (Fig 5.7). These findings are consistent with 
previous studies that also reported declines in PUFA and essential fatty acids under high 
temperatures (Farkas 1979; Werbrouck et al. 2016; Garzke et al. 2017) and low pH (Rossoll et al. 
2012; Gao et al. 2018; Meyers et al. 2019). Because these same trends were not observed for fatty 
acids in the diet, alternative explanations are considered for these unique trends in PUFA from 
zooplankton exposed to combined acidification and warming.  
First, if the treatment conditions induced shifts in trophic interactions, these trophic differences 
could alter zooplankton FA composition (Dalsgaard et al. 2003). Zooplankton grazing incubations 
conducted during ME4 suggested trophic pathways were only altered in the Low pH treatment 
and not the Low pH + High Temp treatment (Chapter 4). In this sense, they do not explain the 
observed PUFA differences in zooplankton from the Low pH + High Temp treatment presented 
here. However, it is notable that the grazing incubations were conducted using a single copepod 
species (Temora turbinata), while the FA results presented here encompass the larger 
zooplankton community within the mesocosm. Therefore, it is possible there were community-
level grazing differences in the combined stressor treatment that did affect FA composition, but 
were undetected by the species-level grazing incubations. Possible differences in how species 
versus communities respond to stressors highlight the importance of climate investigations that 
span levels of biological organization. 
 Second, the taxonomic composition of zooplankton communities influences their FA 
compositions (Persson and Vrede 2006; Smyntek et al. 2008; Kratina and Winder 2015). 
Zooplankton community composition in the mesocosm bags did change from Day 0 to Day 20 of 
ME4. This change was mainly characterised by large increases in nauplii and the copepod 
Euterpina acutifrons, and large decreases in copepodites and the copepod Oithona spp (Fig 5.5). 





Other parts of the zooplankton community also fluctuated on smaller scales (Supplementary 
Table A24), but no significant differences in community composition were detected among 
treatments that would explain treatment differences in zooplankton FA compositions.  
Finally, it is possible the significant decrease in the relative composition of C18:4n-3 in the Low 
pH + High Temp treatment and the lack of correlation between omega-3 PUFA and the Low pH + 
High Temp treatment  were due to a direct physiological response to environmental conditions 
by the zooplankton. Changes in ambient temperature can disrupt the fluidity of cell membranes, 
and when temperature increases, poikilothermic organisms such as copepods incorporate more 
SFA and less PUFA into their membranes to maintain the proper level of physio-chemical stability 
needed for membrane function (Arts and Kohler 2009; Ernst et al. 2016). This type of 
homeoviscous adaptive response has been reported for marine organisms subjected to warming 
in other studies (Farkas 1979; Pruitt 1990; Valles-Regino et al. 2015; Bennett et al. 2018). 
Regarding acidification, there is evidence that bacteria (Siliakus et al. 2017) and phytoplankton 
(Rossoll et al. 2012; R. Bermúdez et al. 2016) can adjust their relative PUFA content in response 
to pH, but to date there is no evidence that this response exists in metazoans. This is consistent 
with results from the present study that show a greater change in PUFA in the combined stressor 
Low pH + High Temp treatment than the single stressor Low pH treatment. Accordingly, results 
suggest the observed changes in PUFA were more likely the result of a physiological membrane 
response to warmer temperature in the combined treatment, rather than acidification. 
5.5.1.2 The transfer of fatty acids from prey to consumer 
Fatty acids are key biological molecules transferred and retained through food webs. Several 
studies have shown crustacean zooplankton fatty acid profiles closely resemble those of their diet 
(Fraser et al. 1989; Taipale et al. 2009; Arts et al. 2009; Kratina and Winder 2015). For this reason, 
it would be expected that the overall FA composition of zooplankton consumers in the present 
study would closely match that of their available prey field. Linear model correlations revealed 





significant linear relationships between the diet FA profile and the final zooplankton FA profile 
at every time point, which supports this hypothesis (Fig 5.8). An exploratory analysis of similar 
data from a previous CARIM mesocosm experiment (ME3) revealed the same strong linear 
relationship between diet and consumer FA profiles (Fig 5.9), which further supports this 
hypothesis and corroborates similar relationships found in other studies (Kratina and Winder 
2015). The results from both mesocosm experiments suggest that around days 12-16, consumer 
FA content equilibrated with the prey field FA content, which is supported by r2 values trending 
towards 1 and residuals trending towards zero over time (Supplemental Fig A8). In other words, 
the FA composition of zooplankton at Day 20 resembled that of their diet from 4-8 days prior. 
Similar findings have been reported for freshwater daphnia, which showed strongest correlations 
between zooplankter FA composition and that of their diet from seven days prior (Taipale et al. 
2009). Furthermore, such timelines are consistent with FA assimilation times that range from 6-
14 days reported for zooplankton in other studies (Graeve et al. 2005; Mayor et al. 2011; Helenius 
et al. 2019). It is worth noting that these other studies were conducted under cooler temperatures 
(4-12 °C) than the present study (13-16.5 °C), since zooplankton FA assimilation time can be 
sensitive to external factors such as temperature (Graeve et al. 2005; Helenius et al. 2019), as well 
as internal factors such as the physiological or metabolic state of the organism (Mayor et al. 2011; 
Perhar et al. 2012). ANCOVA tests for diet-consumer FA correlations in ME3 and ME4 showed no 
effect of treatment on the relationship between diet and consumer FA composition at the general 
level of SFA, MUFA, and PUFA. This suggests that the transfer of FA between diet and consumer 
was not significantly affected by acidification or warming. It also suggests that processes such as 
grazing and assimilation efficiencies, which influence this trophic transfer, were not affected by 
treatment.  
It is notable, however, that while fatty acid data shown here does not provide evidence for 
differences in zooplankton grazing behaviour among treatments, results from copepod grazing 
incubations conducted during ME4 did suggest trophic structure was altered under acidification 





alone, but not combined acidification and warming (Chapter 4). While shifts in trophic pathways 
and grazing have important implications for food webs, as discussed in Chapter 4, results 
presented in the present chapter provide no evidence that grazing differences, at the community 
level, would be a mechanism by which overall zooplankton FA composition could be altered 
under future ocean conditions.  
 
Figure 5.9 A) Linear regression models of the relationship between diet FA at each time point and zooplankton FA 
at Day 22 of Mesocosm Experiment 3. Linear models were fitted to the combined data set (gray line + 95% 
confidence interval) at each time point. Reference line (black) slope = 1.  
 





5.5.2 Linking diet and consumer fatty acids: sources of variability 
It is important to address the multiple layers of variability within the mesocosm experiment, 
including temporal, bag, and community variability, that contributed to the results of the present 
study. 
First, the phytoplankton community shifted over time and never reached a steady state over the 
20-day experiment (Fig 5.2). The composition of the zooplankton community also changed over 
time (Figs 5.4 and 5.5, Supplementary Table A24). This change was mainly characterised by a 
tenfold increase in nauplii, indicating that the community was actively growing and experiencing 
their own temporal shifts on top of shifting prey field dynamics. Second, on top of temporal 
variability, there was variability among bags regarding both phytoplankton community 
succession (Fig 5.2) and zooplankton community composition (Figs 5.4 and 5.5). In addition, 
some nutrients, especially ammonia, were highly variable among bags throughout the experiment 
(Supplementary Fig A4), though levels were not statistically different among treatments 
(Supplementary Table A12). Third, in the present study the response evaluated was the 
integrated response of entire communities comprised of multiple phytoplankton, 
microzooplankton, and mesozooplankton species. Within these diverse communities, it is 
possible that there was treatment variability in the form of compensatory, antagonistic, or 
species-specific responses that were being masked by overall community responses, which have 
also been discussed in other studies (Fischer et al. 2001a; Fischer et al. 2001b; Taherzadeh et al. 
2019). 
Altogether, such compiled variability would have made it difficult to detect significant responses 
among treatments, especially when exploring the relationship between diet and consumer fatty 
acids, even if some did exist. Other climate stressor mesocosm experiments (mainly OA 
experiments) have also addressed high variability among replicates of the same treatment that 
may have precluded detection of significant effects (De Castro et al. 2017 and references therein). 





While variable responses challenge interpretation within experimental systems, these types of 
variability are present in natural systems and illustrate both the difficulty and importance of 
analysing community responses from variable systems. 
5.5.3 Implications for energy transfer to higher trophic levels  
Understanding the effects of future ocean conditions on the initial trophic transfer of fatty acids 
among plankton is key to understanding the role of fatty acids throughout the rest of the food 
web. Results from the present study suggest that the fatty acid profile of zooplankton consumers 
can be broadly predicted from the fatty acid profile of their diet under both the single stressor of 
acidification and the combined stressors of acidification and warming.  
In this experiment not only did the transfer of fatty acids not change with treatment, but neither 
did the composition of fatty acids in the phytoplankton. Studies have shown the fatty acid content 
of phytoplankton communities is sensitive to direct (via biochemical alterations) and indirect (via 
community composition shifts) effects of pH and temperature (Galloway and Winder 2015; 
Hixson and Arts 2016), while other studies suggest future conditions will not affect plankton FA 
(Leu et al. 2013b). Taking into consideration results from the present study and  the range of 
results from the literature, it appears the response of primary producer FA content to future 
conditions will be complex. We know fatty acid content of lower trophic level organisms travels 
up the food chain and directly impacts organisms at higher trophic levels, especially fish (Ackman 
et al. 1968; Ratnayake and Ackman 1979; Budge et al. 2002; Dalsgaard et al. 2003; Litzow et al. 
2006), but also birds (Käkelä et al. 2005; Käkelä et al. 2009) and mammals (Andersen et al. 2004; 
Budge et al. 2008). Regardless of whether any given prey community does or does not alter their 
FA compositions in response to future changes in pH and temperature, results presented here 
suggest that the FA composition of zooplankton consumers is in general likely to reflect that 
response, establishing the baseline of fatty acids to be further transferred throughout the food 
web.  





However, results from the present study also suggest that in some ways zooplankton PUFA may 
be directly affected by future environmental conditions, especially higher temperature, 
regardless of the PUFA composition of their diet. Results demonstrated that zooplankton from 
the Low pH + High Temp treatment trended towards containing relatively less PUFA compared 
to the Control (Figs 5.6 and 5.7,Table 5.2). These patterns may be ecologically significant for 
population- and ecosystem-level production as decreased PUFA in zooplankton has been shown 
to correlate with decreased zooplankton reproduction and reduced productivity at higher trophic 
levels (Brett and Müller-Navarra 1997; Brett et al. 2009; Parrish 2009). On other hand, the 
significant decrease observed in C18:4n-3 (SDA)(Table 5.2) may not be as important for fecundity 
as other omega-3 PUFA (M. Chen et al. 2012), and instead may impair zooplankton’s ability to 
combat inflammation (Sung et al. 2017) or other physiological processes such as overwintering 
strategies (Mariash et al. 2017). The present study therefore shows the potential for future ocean 
conditions to affect zooplankton FA composition both directly via physiological responses and 
indirectly via diet. 
5.6 Conclusions 
Within the short time-frame and mesocosm size of this experiment, no  significant effects were 
detected of acidification or warming on the fatty acid composition of zooplankton prey, and linear 
regression models suggested that overall zooplankton fatty acid patterns are primarily set by 
their diet. Results provided no evidence that acidification or warming affected the relative 
transfer of total SFA, MUFA, and PUFA from diet to consumer. However,  some discrepancies were 
detected between the diet and consumer fatty acid content, mainly a decreased trend in relative 
total PUFA composition and a significant decrease in a particular PUFA, C18:4n-3 (SDA), in the 
zooplankton under low pH and warming, which was not observed in the diet. These changes in 
zooplankton PUFA and SDA may have been direct physiological membrane adaptations to 
temperature because they were not observed in zooplankton in the single stressor OA treatment, 





and they could have implications for zooplankton production or physiological functioning. 
Overall, the tight link in FA composition between a diet consisting mainly of primary producers 
and their zooplankton consumer helps to resolve the question of how important biological 























Chapter 6: General Discussion 
The present thesis explored the role of zooplankton in New Zealand marine ecosystems from the 
perspective of a changing ocean. The ecological role of zooplankton is largely determined by 
zooplankton community composition because zooplankton are diverse in trophic traits that drive 
food web dynamics and biogeochemical fluxes. Of particular interest for the current analysis were 
estimates of zooplankton grazing and trophic pathways, which is one example by which we can 
relate zooplankton community composition to ecosystem function. Furthermore, fatty acid 
composition and trophic transfer among zooplankton and their diet provide additional 
information on material fluxes in food webs. Information on how the distributions, compositions, 
and ecological interactions of zooplankton are affected by climate stressors is vital to 
understanding the broader effects of climate change on marine ecosystems in New Zealand 
waters.  
The aims of the study were to 1) describe zooplankton community compositions along the 
Munida transect off the south-eastern coast of New Zealand and resolve community associations 
with water masses and seasons, 2) investigate the responses of two important zooplankton-
mediated processes within marine food webs – grazing behaviour and the trophic transfer of fatty 
acids – to the combined experimental stressors of ocean warming and acidification. Here I 
synthesize the main themes and findings of the study, discuss limitations of the analysis, and 
explore directions of future work in this field. 
6.1 Zooplankton in a past, present, and future ocean 
6.1.1 Zooplankton communities and distribution patterns off the Otago coast 
Information on zooplankton is limited for waters off the coast of Otago, New Zealand, with only a 
handful of studies conducted (Jillett 1976; Murdoch 1989; Takagaki 2016). Results from Chapter 





2 generally corroborate findings from these previous studies, which also found zooplankton 
community compositions associated with the distinct water masses (neritic, modified 
subtropical, and subantarctic surface waters) found in the region. The water masses identified in 
Chapter 2 also corroborate our current understanding of the well-studied hydrology off the Otago 
coast in that they were found to maintain spatial integrity in relation to one another despite 
shifting position along the transect over the year as other studies report (Jillett 1969; Heath 1972; 
Hawke 1989; Jones et al. 2013). We now have evidence that zooplankton associated with the 
water masses along the Munida transect in the present (this study) as well as the past (Jillett 
1976), which is consistent with studies that show zooplankton assemblages closely relate to 
hydrography in other oceanographically complex regions (Berasategui et al. 2006; Lane et al. 
2008). I expect zooplankton communities in the future will continue to show distinct associations 
with these water masses because distinct fronts between water masses, such as those present on 
the Munida transect, are important features that can structure zooplankton communities 
(Queiroga et al. 2005).  
6.1.1.1 Will thecosome pteropods be sentinels of ocean acidification on the Munida Transect? 
Future changes in other environmental properties of the water such as primary production, 
temperature, nutrients, or pCO2 may drive changes in the zooplankton compositions of different 
water masses, thereby affecting local food webs and nutrient recycling. For example, results from 
Chapter 2 demonstrated that thecosome (shelled) pteropods, key animals in Southern Ocean 
ecosystems (Hunt et al. 2008), might be particularly important in Munida region ecosystems in 
autumn months - they comprised over 95% of zooplankton biomass in subantarctic waters in 
March. Studies suggest the Southern Ocean may reach an acidification tipping point when 
atmospheric CO2 concentrations surpass 450 ppm (McNeil and Matear 2008), projecting that the 
Southern Ocean will experience seasonal undersaturation of aragonite (the form of calcium 
carbonate that thecosome pteropods use to make their shells) between years 2030 and 2038 
(McNeil and Matear 2008) and overall average undersaturation by year 2100 (Orr et al. 2005). 





Waters even slightly undersaturated in aragonite lead to thecosome shell dissolution (Orr et al. 
2005; Bednaršek et al. 2012b) (Fig 6.1B and 6.1C). Such changes in seawater chemistry could 
manifest in waters off the Otago coast because the subantarctic waters found along the Munida 
Transect are part of the southwest Pacific Ocean sector of the Southern Ocean (Currie et al. 2011). 
If such shifts in the carbonate chemistry of the local seawater were to occur, there may be 
corresponding changes in seasonal zooplankton community compositions in subantarctic waters 
that indicate thecosome pteropods may have decreased in abundance in these waters or shifted 
their distribution to waters still saturated in aragonite. Consequently, predators of thecosome 
pteropods, including gymnosome pteropods that feed exclusively on thecosome pteropods (Lalli 
1970), as well as other predators such as other zooplankton (Foster and Montgomery 1993; 
Pakhomov et al. 1996), fish (La Mesa et al. 2000), and whales (Lalli 1970), would be required to 
either switch to other prey items or expand their range to follow the thecosomes if they can 
overcome potential thermal tolerance limitations (Seibel and Drazen 2007; Fabry et al. 2008). 
These changes would dramatically alter food web structure in subantarctic waters (Fabry et al. 
2008). 
 
Figure 6.1 Thecosome pteropods collected from subantarctic waters on the Munida Transect in March 2018 (A), 
and from shipboard incubation experiments of Bednaršek et al. (2012b) showing no shell dissolution under 
aragonite-saturated conditions (ΩA 1.62-1.78) (B), and significant shell dissolution under only slight aragonite 
undersaturation (ΩA 0.94-1.12, pCO2 675 atm) (C). SEM images (B and C) adapted from Bednaršek et al. (2012b). 





6.1.1.2 Sampling during a heatwave event: a glimpse into oceans of the future? 
When zooplankton were last sampled along the Munida Transect forty years ago (Jillett 1976), 
water temperatures off the Otago coast varied between 7.9 °C  and 14.6 °C, with an overall range 
of 6.7 °C over one year  (September 1966 to December 1967). In comparison, the same waters in 
2017-2018 varied between 8.7 °C and 18.4 °C, an overall range of 9.7 °C. Though the precise 
location of sampling stations along the transect differed between Jillett’s and the current study, 
monthly temperatures across all water masses were almost always higher in 2017-2018 than in 
1966-1967 (Fig 6.2). This is consistent with observations from satellite images that show sea 
surface warming around New Zealand over the past several decades (Sutton and Bowen 2019). 
 
Figure 6.2 A comparison of past and present monthly temperatures along the Munida Transect when zooplankton 
was sampled. Dotted lines represent the 1966-1967 study period of Jillett (1976), the corresponding temperature 
data from which is presented in Jillett (1969). Solid lines represent the 2017-2018 study period of Chapter 2 
presented in this thesis. Month-years included are: November 1966 and 2017, January 1967 and 2018, March 
1967 and 2018, May 1967 and 2018, July 1967 and 2018, September 1967 and 2018. Data from October – 
December 1967 presented in Jillett (1969) not shown. 





These temperatures, especially peaks above 17 °C in January, reflect the austral summer 2017/18 
New Zealand heatwave event in which terrestrial temperature anomalies were +2.2 °C and sea 
surface temperature anomalies surpassed 3.7 °C (Salinger et al. 2019). Because the current study 
period coincided with this unprecedented climate event, the question is considered: did this 
heatwave affect the zooplankton communities? Nevertheless, without a long-term data set, it is 
impossible to detect biological anomalies in this region. Chapter 2 discussed the many similar 
patterns in zooplankton communities and water mass associations between the present study 
and those from the past (Jillett 1976; Murdoch 1989; Takagaki 2016). One finding, however, is of 
particular interest: the previous studies, including Jillett (1976), observed the salp Ihlea 
magalhanica in the coastal Mundia region, whereas the present study did not. Instead, Thalia 
democratica, a similar-sized salp, were found in these waters in March - two months after the 
extreme summer temperatures. This is interesting because I. magalhanica is considered a cool-
water subantarctic species adapted to temperatures 4-16 °C (Giesecke et al. 2014), while T. 
democratica is usually found in warmer tropical and subtropical waters (Paffenhöfer et al. 1995). 
Was the absence of I. magalhanica and the presence of T. democratica an anomalous observation 
that was linked to the heatwave event? Or could this observation have been evidence of a broader 
shift in salp species geographic distribution induced by the increase in average sea surface 
temperature over the years? If so, salps could possibly serve as indicators of climate change in 
waters off the Otago coast. However, the lag in timing between the extreme temperatures in 
January and observations of T. democratica in March (perhaps in part due to limited temporal 
resolution in sampling) introduces uncertainty in speculating whether population dynamics of T. 
democratica could have been influenced by the summer heatwave. 
The pursuit of such open questions of relationships between salp or other zooplankton 
distributions and climate events such as heatwaves in the Munida region could inform local 
climate conditions as we enter into a period of dynamic atmospheric and ocean changes. This is 
especially relevant because other studies have recognized that even subtle changes in 





environmental conditions, not to mention extreme heatwave events, can be amplified by 
zooplankton-mediated biological signals (Taylor et al. 2002; Mackas and Beaugrand 2010), and 
heatwave events such as that experienced during my study are projected to become more 
frequent and more extreme in the future (Oliver et al. 2018; Salinger et al. 2019).  
6.1.2 Zooplankton-mediated trophic processes under combined climate stressors 
Chapter 2 mainly addressed questions of zooplankton community compositions and 
distribution patterns, the results of which were discussed in light of predicted and observed 
characteristics of a changing ocean, including ocean acidification and marine heatwave events. 
However, even if community composition does not change but trophic interactions within the 
zooplankton community do (investigated in Chapters 3-5), such altered trophic processes could 
also be a mechanism through which climate change affects zooplankton community and 
ecosystem function. Responses of grazing dynamics across levels of biological organization 
Results from Chapters 3 and 4 reinforced the complexities underpinning plankton networks and 
trophic dynamics in today’s natural systems, and accordingly highlighted the difficulty in 
predicting plankton trophic responses to future conditions. Chapter 3 (Mesocosm Experiment 3, 
ME3) demonstrated that combined warming and acidification significantly altered plankton 
grazing interactions at the end of the mesocosm experiment (Incubation 3). On the other hand, 
Chapter 4 (Mesocosm Experiment 4, ME4) demonstrated that for a different grazing community 
the combined stressors did not alter plankton grazing interactions, but that the single stressor of 
decreased pH did (both Incubations 1 and 2). Why were zooplankton dynamics affected by the 
combination of both stressors in ME3 but not ME4? Perhaps this was evidence of different effects 
of combined stressors across levels of biological organization. The significant response seen in 
Incubation 3 of ME3 was derived from a mixed community of copepod grazers whereas the lack 
of significant response in both incubations of ME4 came from incubations of a single copepod 
species (Temora turbinata). Furthermore, the second incubation of ME3, in which no treatment 





effect was observed, also used a single copepod species (Paracalanus sp.). However, a higher 
sensitivity of grazing responses at the community level compared to the species-level is 
somewhat counterintuitive and contrasts other studies that have found that plankton community 
interactions lessened effects of climate stressors in a coastal system (Rossoll et al. 2013). 
Community compensation is often attributed to a higher level of biodiversity and plasticity within 
communities, as opposed to single species, that can provide buffering capacity via compensatory 
mechanisms within physiological (Maggi et al. 2016) and trophic (Harley et al. 2017) responses 
to environmental perturbations, in addition to other ecological resiliencies (Downing and Leibold 
2010; Flöder and Hillebrand 2012; Bernhardt and Leslie 2013; Maggi et al. 2016).  
6.1.2.1 Can warming mediate OA-sensitive grazing dynamics? 
In Chapter 4, results suggested that zooplankton grazing dynamics were affected by low pH, but 
not low pH in combination with higher temperature in ME4, and the grazing rates of copepods 
in the Low pH + High Temp treatment closely resembled those of copepods in the Control 
treatment. Could these results be evidence of an interactive antagonistic or “rescue” effect of 
warming on grazing dynamics that are sensitive to ocean acidification? While meta-analyses 
suggest that most cumulative effects of combined stressors on marine life will be synergistically 
negative (i.e. worse combined than either stressor on their own) (Crain et al. 2008), some 
studies have shown that warming can partially mediate observed effects of acidification alone. 
For example, an intertidal marine snail, Littorina littorea, showed reduced respiration rates 
under OA conditions alone and under combined OA and warming, but rates were reduced to a 
lesser extent under the combined stressors (Melatunan et al. 2011). Growth in a marine mussel 
(Mytilus galloprovincialis) was negatively affected by OA, but the detrimental effects were offset 
when combined with increased temperature (Kroeker et al. 2014). As a proposed mechanism 
for this antagonistic effect, Kroeker et al. (2014) hypothesised that increased feeding under 
warmer temperatures increased energy supply to the mussels, which were experiencing 
increased energetic demand under OA conditions. Some zooplankton have also shown increased 





metabolic rates and energetic demand under low pH that can sometimes be relieved by 
increased food supply and energetic intake (Pedersen et al. 2014; Mayor et al. 2015; Li et al. 
2017). Perhaps at some level a similar effect was taking place inside the incubation jars of ME4, 
but it is difficult to hypothesize about a mechanism for a community response to a combined 
stressor when that community is dynamic, diverse, flexible in feeding mode, and part of various 
feedback systems. It is also notable that the studies mentioned above (Melatunan et al. 2011 and 
Kroeker et al. 2014) investigated the responses of single calcifying species, not diverse plankton 
communities, and that the few studies on the interactive effects of combined stressors on 
zooplankton suggest that acidification, rather, may counteract negative effects of warming (e.g., 
Garzke et al. 2016). Broadening the perspective of fatty acid trophic transfer 
Chapter 5 found no evidence that low pH alone or in combination with elevated temperature 
significantly affected the fatty acid composition of the plankton community, nor the trophic 
transfer of fatty acids between phytoplankton diet and zooplankton consumer. The observed 
pattern suggests that under future ocean conditions, the specific relationship between 
phytoplankton and zooplankton fatty acid compositions may not be affected, and Chapter 5 
previously discussed the multiple layers of variability within the experimental system that are 
important to consider when interpreting these results. My results contrast with those of 
Bermúdez et al. (2016), which found a reduction in the relative composition of PUFA in a 
mesocosm phytoplankton community induced by shifts in both the taxonomic composition and 
cellular biochemical compositions. Copepods mirrored this change in their dietary fatty acids, and 
thus the authors concluded that OA can affect the trophic transfer of fatty acids to higher trophic 
levels (J.R. Bermúdez et al. 2016). Results from Chapter 5 also demonstrated that copepods 
generally mirrored the fatty acid composition of their diet, but no effect of OA on this relationship 
was observed. The study of Bermúdez et al. (2016) lasted longer (33 days) than the study 
presented in Chapter 5 (20 days) and differed in some other ways with respect to experimental 
design. The contrasts between the two studies highlight not only the variability in responses of 





fatty acid trophic transfer in plankton communities when exposed to climate stressors, but also 
the variability in methods among studies used to induce those responses – a factor that should be 
considered when predicting the fate of fatty acid trophic transfer in future marine food webs. 
6.1.2.2 Considering environmental and ecosystem dynamics of Evan’s Bay, New Zealand 
There were few significant differences that resulted from the mesocosm experiments, whether 
they were from grazing incubations (e.g., Incubation 2 in Chapter 3 and Incubations 1 and 2 in 
Chapter 4), or the fatty acid composition of the plankton community (Chapter 5). In addition to 
the contexts in which the results were discussed in previous chapters, it is worth considering that 
the lack of clear significance may be the result of a lack of physiological sensitivity of the 
zooplankton exposed to the treatment conditions. 
 The annual temperature range for Evan’s Bay, New Zealand (the mesocosm study site) is around 
10 C (Cliff Law, personal communication), which is well above the temperature range of the 
mesocosm experimental treatments (15.6-18.2 °C for ME3, and 13.0-16.5 °C for ME4). It could 
therefore be assumed that the organisms in the mesocosms were well adapted to function at 
those treatment temperatures and as a result, there were few differences in results between the 
control and future climate treatments. However, zooplankton grazing rates, for example, are 
sensitive to environmental temperature (e.g., Aberle et al. 2007; Garrido et al. 2013), and 
therefore the significant differences observed in Incubation 3 of ME3 were likely a reflection of 
how plankton trophic interactions shifted when the community experienced environmental 
conditions outside of their seasonal norm for that time of year.  
On the other hand, the annual pH range for Evan’s Bay is <0.15, and the seasonal range during 
with the two mesocosm experiments took place is <0.10 (Cliff Law, personal communication). 
The seasonal pH minima during which the experiments took place are 7.950 (ME3) and 7.985 
(ME4), which are well above the extremes of 7.69 and 7.65 that organisms were subjected to 





during ME3 and ME4, respectively (Cliff Law, personal communication). Therefore, it is not likely 
that organisms in Evan’s Bay are adapted to such low pH levels, and may have been in a state of 
physiological stress within the extreme pH conditions of the experiment, though it may have not 
manifested as significant differences in the results of grazing experiments or fatty acid 
compositions. However, as discussed in Chapter 4, it is interesting that the grazing dynamics in 
the Low pH treatment of ME4 showed much higher variability than those of the Control or Low 
pH + High T treatment. Perhaps this was a reflection of some shift within the plankton community 
induced by acidification stress that was not present in the control nor the combined stressor 
treatment.   
6.2 Methodological considerations 
6.2.1 Limits of zooplankton sampling along the Munida Transect 
Zooplankton samples along the Munida transect were collected at fixed spatial (eight stations), 
temporal (every two months, always during daylight), and depth resolution (single integrated 
surface sample, 0-200 m). Zooplankton communities are known to vary across each of these 
parameters, yet logistical considerations limited the extent of sampling. For example, some 
zooplankton such as salps are especially patchy in spatial distributions, and it is possible the 
limited spatial resolution could have missed the presence of salps in nearby waters. Zooplankton 
also vertically migrate, coming to the surface at night to feed then retreating to depths during the 
day (Hays 2003). Samples for Chapter 2 were always collected during daylight hours to reduce 
bias from vertical migration behaviour, but because the timing of samples ranged between just 
after sunrise to just before sunset, it is possible that migration behaviour could have influenced 
the abundance or composition of my samples. It is also likely that samples would differ if all 
collections were completed in darkness since different species exhibit different depth migration 
behaviours (Coyle and Pinchuk 2005).  





Furthermore, the study presented in Chapter 2 used a WP2 sampling net, which is a standard 
sampler for quantitative biomass studies of marine plankton between 200 µm and 10 mm in size 
(Tranter and Fraser 1968). For decades it has been employed by scientists conducting 
zooplankton research and is considered a standard tool for collecting zooplankton in the ocean. 
However, one drawback to the WP2 design is a central bridle situated across the mouth of the 
net, which can be detected and avoided by zooplankton such as euphausiids and amphipods. As a 
result, zooplankton communities analysed from a WP2 net sample may underrepresent taxa with 
such avoidance abilities.  
6.2.2 Negative rates in zooplankton grazing incubations 
The methods used to carry out the copepod grazing incubations presented in Chapters 3 and 4 
are based on assumptions of prey disappearance in bottle incubations and had been originally 
developed for experiments in controlled laboratory settings (Frost 1972) or oligotrophic regions 
of the ocean with relatively low rates of primary production (Landry and Hassett 1982). Using 
these methods for investigations of natural plankton communities in coastal regions highlighted 
specific limitations of the approach, specifically regarding their ability to yield accurate, realistic 
estimates of net grazing by copepods within the productive experimental systems of ME3 and 
ME4, manifesting as negative rates. With their implementation in Chapters 3 and 4, it was 
acknowledged that such methods are not suitable for every experimental context, but I argue that 
in the present thesis, they can be viewed as indicators for balances between growth and grazing, 
and subsequently infer trophic pathways or interactions within a plankton network. 
Because there was natural diversity and variability within the incubated plankton communities, 
the factors that influenced the balance between growth and mortality in a system were complex, 
multidirectional, and part of feedback loops. As a result, the negative numbers obtained for 
grazing estimates on ME3 and ME4 are not unidimensional in their meanings. Rather, from 
careful analysis of mathematical formulas that produce grazing rate estimates, one can see that 





there are multiple biological responses that could produce a negative number, some of which are 
outlined in Tables 6.1 and 6.2. When presented in this way, the biological processes underpinning 
the mathematical outcomes can be more clearly seen.  
For example, the negative rates in both treatments of ME3 Incubation 2 originated from 
microzooplankton concentrations (Table 6.1). In ME3 Incubation 3, negative rates of the Year 
2100 treatment originated from not only microzooplankton concentrations but also negative 
microzooplankton grazing rates (Table 6.1). In ME4, negative rates were only consistently 
observed in the Low pH treatment, and they always originated from microzooplankton 
concentrations (Table 6.2). However, when we look at the nuances of the Low pH + High Temp 
treatment, even though that treatment did not produce negative corrected copepod grazing rates, 
some K values were still negative (Table 6.2), which means the absolute values of K were small 
enough so that when added to the uncorrected copepod rate, the corrected rate remained 
positive. It is interesting, though, that in contrast to the Low pH treatment of ME4, the origin of 
the negative K values in the Low pH + High Temp treatment were derived either solely 
(Incubation 1) or partially (Incubation 2) by negative microzooplankton grazing rates (Table 6.2), 
further highlighting the biological complexities that underpin the mathematical methodologies. 
As a field, we do not currently have the level of methodological resolution needed to fully 
understand what each mathematical product means for the biological reality of the experimental 
system. However, consideration for and further analyses of the mathematical foundations of the 
methods used to produce zooplankton grazing rate estimates, such as that discussed here, may 
prove useful to future empirical researchers of zooplankton trophic dynamics.  
 
 






Table 6.1 Summary of the mathematical origins of negative corrected copepod grazing rates (gcor). gcop = 
uncorrected copepod grazing rate, K = corrective factor for microzooplankton grazing impact, gmic = 





Do any negative gcor 
originate from a 
negative gcop? 
Are the 
majority of K 
negative? 
Do any negative 
gcor originate from a 
negative K? 
What is the origin of the 
negative K? 
Incubation 1 
Control No No Yes Yes negative gmic 
Year 2100 No No No (but some) Yes negative gmic 
       
Incubation 2 
Control Yes Yes (some) Yes Yes (some) 
[micro] in control jar > 
[micro] in copepod jar 
Year 2100 Yes Yes (some) Yes Yes (some) 
[micro] in control jar > 
[micro] in copepod jar 
       
Incubation 3 
Control No Yes (some) No Yes (some) 
[micro] in control jar > 
[micro] in copepod jar 
Year 2100 Yes Yes (all) Yes Yes (contributes) 
negative gmic + [micro] in 




Table 6.2 Summary of the mathematical origins of negative corrected copepod grazing rates (gcor). gcop = 
uncorrected copepod grazing rate, K = corrective factor for microzooplankton grazing impact, gmic = 
microzooplankton grazing rate, [micro] = microzooplankton concentration. 
 
Treatment
Are the majority 
g cor  negative?
Do any negative g cor 
originate from a 
negative g cop ?
Are majority of k 
negative?
Do any negative 
g cor  originate from 
negative k ?
What is the origin of the 
negative k ?
Control No N/A No, but some N/A
[micro ] in control jar  < [micro ] 
in copepod jar
Low pH No, but some Yes Yes Yes (contributes)
[micro ] in control jar  < [micro ] 
in copepod jar
Low pH + High T No N/A No, but some N/A negative g micro
Control No, but some No No, but some Yes
[micro ] in control jar  < [micro ] 
in copepod jar
Low pH Yes Yes No, but some Yes (contributes)
[micro ] in control jar  < [micro ] 
in copepod jar
Low pH + High T No N/A Yes N/A
negative g micro  & [micro ] in 
control jar  < [micro ] in copepod 
Incubation 1
Incubation 2





6.3 Future directions 
6.3.1 Continued monitoring of zooplankton along the Munida Transect 
Long-term time zooplankton series (>10-20 years) are critical for recognizing climate-related 
shifts in zooplankton distributions and predicting associated commercial and ecological impacts 
(Mackas and Beaugrand 2010). For example, zooplankton time series data collected by the 
Continuous Plankton Recorder survey dating back to 1960 led to the identification of 
biogeographical range shifts of copepod assemblages that were then linked to decreases in 
salmon abundances in the North Sea (Beaugrand and Reid 2003), which had implications for 
other important regional fisheries (Beaugrand et al. 2002). The establishment of a Munida 
Transect Zooplankton Time Series would provide the data necessary to recognize and predict 
how climate change threats such as heatwave events and ocean acidification affects marine life in 
Otago waters and the important cultural and economic ecosystem services they provide, as many 
studies have done for various regions in the northern hemisphere. Furthermore, in using the 
existing infrastructure of the Munida Transect Oceanographic Time Series, a zooplankton 
monitoring effort could be carried out in an efficient, cost-effective manner using straight-
forward methods. 
6.3.2 Trait-based analyses of zooplankton community data  
Trait-based approaches to ecological investigations help link community composition to 
ecosystem function, and such approaches have been used for both terrestrial and aquatic 
ecosystems. Databases of compiled functional traits for zooplankton are currently limited but 
growing (Barnett et al. 2007; Hébert et al. 2016a), and studies argue that the use of functional 
traits to describe zooplankton communities is important for the progression of the field of 
zooplankton ecology (Litchman et al. 2013; Pomerleau et al. 2014; Hébert et al. 2017). In 
particular, studies argue that quantitative traits such as zooplankton size, body composition (e.g., 
fatty acids), and physiological rates (e.g., grazing) are best suited for extrapolating material fluxes 





across levels of biological organization to link organism to community to ecosystem function 
(Litchman et al. 2013; Hébert et al. 2017). Furthermore, trait-based analyses of historical 
zooplankton community data sets are possible because trait-based analyses can be retroactively 
applied to community abundance data to gain new insight into community function. In other 
words, as we improve our understanding of zooplankton traits in different contexts and regions, 
zooplankton time-series data sets hold even more informative potential than previously capable 
of. In a recent study, for example, trait estimates of carbon flux were applied to historical 
observations of copepods from 1960 to 2014 to reveal that zooplankton-mediated carbon export 
in the North Atlantic has been altered by climate change (Brun et al. 2019). The continued 
development of quantitative trait-based analyses of zooplankton communities and their 
application to both existing and new community abundance data sets will improve our ability to 
understand zooplankton-mediated ecological functions under a changing climate. 
6.3.3 Methodological development for the assessment of copepod grazing on natural 
prey communities 
 The best methods available for estimating copepod grazing are not one-system-fits-all. Copepods 
and other mesozooplankton grazers are key components of coastal systems, but it is difficult to 
accurately estimate their grazing impact when methodological assumptions are violated when 
the grazers of interest coexist among diverse and dynamic phytoplankton and microzooplankton 
communities. In particular, the bottle incubations and disappearance-based methods used in 
Chapters 3 and 4 often yielded high prey growth and negative rates, which precluded the 
detection of grazing-induced prey disappearance and the subsequent calculation of accurate 
rates. The use of the two-point modification of the dilution method to estimate microzooplankton 
grazing impact was an integral step in calculating copepod grazing rates in Chapters 3 and 4. A 
number of studies have characterised limitations of the dilution method, which can also yield 
negative microzooplankton grazing rates, including effects of nutrient additions (Schlüter 1998), 
incorporating alternative sources of phytoplankton mortality and niche competition (Beckett and 





Weitz 2017), effects of dilution on microzooplankton growth rates (Dolan et al. 2000; First et al. 
2007), accounting for mixotrophy and trophic cascades (First et al. 2007; Calbet and Saiz 2013), 
and the possibility of chemical inhibitors being released during the dilution process that affect 
phytoplankton growth (Diane K Stoecker et al. 2015). The next step for calculating copepod 
grazing rates involved applying a mathematical correction for the estimated microzooplankton 
grazing impact to the uncorrected copepod grazing rates from disappearance-based bottle 
incubations. In the present thesis, I followed the corrective methods outlined in Nejstgaard et al. 
(2001). Other corrective methods have been published, but they are either based on 
microzooplankton rate estimates from the literature (Vargas and González 2004) or inferences 
from modelled trophic relationships (Klaas et al. 2008) instead of conducting parallel dilution 
experiments as was done here in Chapters 3 and 4. In contrast to the dilution method, relatively 
little attention has been paid to developing the copepod corrective methods in a way that critically 
examines the biases that often make results difficult to interpret (Saiz and Calbet 2011). 
Altogether, the continued development of disappearance-based techniques in bottle incubations 
to estimate copepod grazing on natural prey communities in productive regions would benefit 
future empirical research of zooplankton trophic dynamics in natural systems.  
6.3.4 Community-level responses to combined stressors 
Continued research on the responses of zooplankton communities and ecological interactions to 
more than one environmental stressor can be logistically and statistically difficult yet are 
important for understanding how multidimensional climate change will affect ecosystems on a 
broader scale. Research efforts should continue to focus on lower food web trophic interactions 
in their natural environments with and without perturbations of external climate stressors to 
better understand the role of natural variability in community responses to climate change. 





6.4 Concluding remarks 
Overall, results of the present thesis contribute to our understanding of how zooplankton 
assemblages and their associated trophic dynamics may respond to climate change in the oceans. 
Findings of Chapter 2 have greatly enhanced our so far very limited understanding of the present-
day biology of the Munida region off the Otago coast, providing a baseline dataset and potential 
for future Munida transect zooplankton studies, and highlight community associations during an 
extreme summer warming event. Mesocosm experiments presented in Chapters 3-5 suggest 
there is scope for ocean warming and acidification to alter zooplankton grazing pathways in 
complex coastal communities, and that trophic transfer of fatty acids within plankton food web 
may not be affected by these stressors at the community level. My results demonstrate the need 
for continued and long-term monitoring efforts of zooplankton on the Munida transect, and the 
development of methods that are conducive for accurately estimating grazing rates of copepods 
in productive coastal systems, alongside further investigation of interactive effects of combined 
stressors on zooplankton interactions. Continued work on zooplankton community 
characterization and zooplankton-driven ecological functions under present-day and future 
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Figure A1. Continuous underway sea surface temperature (°C) (A) and sea surface salinity (B) along the 







Figure A2. Principle component analysis showing temperature and salinity correlations of 
mesozooplankton samples identified as coming from neritic water (orange), subtropical water (yellow 
cross), frontal zone (green circle), or subantarctic water (blue square). Samples were collected from the 













Figure A3. Ancillary data for Mesocosm Experiment 3 (ME3) (2017). NO3 (nitrate, μmol/L); NH4 
(ammonia, μmol/L); DRP (dissolved reactive phosphorous, μmol/L); DRSi (dissolved reactive silicate, 











Figure A4. Ancillary data for Mesocosm Experiment 4 (ME4) (2018). NO3 (nitrate, μmol/L); NH4 
(ammonia, μmol/L); DRP (dissolved reactive phosphorous, μmol/L); DRSi (dissolved reactive silicate, 











Figure A5. Principle component analysis of individual fatty acid proportions of total fatty acid in the 
diet on Day 2 of Mesocosm Experiment 4. Colours indicate treatment. Vectors indicate Pearson 











Figure A6. Principle component analysis of individual fatty acid proportions of total fatty acid in the 
diet on Day 12 of Mesocosm Experiment 4. Colours indicate treatment. Vectors indicate Pearson 












Figure A7. Principle component analysis of individual fatty acid proportions of total fatty acid in the 
diet on Day 20 of Mesocosm Experiment 4. Colours indicate treatment. Vectors indicate Pearson 


















Figure A8. Plotted residuals of linear regression models of the relationship between diet fatty acids at each time point and zooplankton fatty acids at Day 
20 fitted to the combined data set for ME4 (A) and ME3 (B). ME4 and ME4 linear regression models are shown in Fig 2.8 and 2.9, respectively. ME3 = 







Table A1. Sample sizes for each month and water mass along the Munida Transect. N = neritic, STW 













Season Sampling date N STW FZ SAW
Spring November 2017 2 1 1 3
Summer January 2018 0 6 0 2
Autumn March 2018 2 3 0 3
Autumn May 2018 0 6 0 1
Winter July 2018 1 5 0 2
Spring September 2018 1 6 0 1






Table A2. Tukey’s HSD post-hoc pair-wise comparisons following one-way ANOVA to test for 
significant differences in total zooplankton biomass (mg C m-3) between months and seasons along the 





































Table A3. November 2017 zooplankton biomass (mg C m-3) at each station and average zooplankton 







Taxon biomass at 
station (mg C m-3)
Relative abundance of taxon at 
station (% of total community 
station biomass)
Total community 
biomass at station (mg 
C m-3)
Average taxon 
biomass in water 
mass (mg C m-3)
Average relative abundance of taxon in water 
mass (% of average total community water mass 
biomass)
Average total community 
biomass in water mass (mg 
C m-3)
Amphipod 0.00 0.00 0.00 0.00
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.26 4.08 0.26 5.35
Copepod (total) 6.09 94.86 4.49 93.84
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.07 1.06 0.03 0.71
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.00 0.09
Ostracod 0.00 0.00 0.00 0.00
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.25 7.94
Copepod (total) 2.89 91.78
Crustacean nauplius 0.00 0.00




Salp (total) 0.00 0.00
Scyphomedusa 0.00 0.00
Thecosome 0.00 0.00
Amphipod 0.00 0.00 0.00 0.00
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.00 1.20 0.00 1.20
Copepod (total) 0.25 93.49 0.25 93.49
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.00 0.00
Ostracod 0.00 0.00 0.00 0.00
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.00
Thecosome 0.01 5.30 0.01 5.30
Amphipod 0.12 15.92 0.12 15.92
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.07 9.23 0.07 9.23
Copepod (total) 0.33 43.68 0.33 43.68
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.02 2.10 0.02 2.10
Ostracod 0.00 0.10 0.00 0.10
Salp (total) 0.22 28.97 0.22 28.97
Scyphomedusa 0.00 0.01 0.00 0.01
Thecosome 0.00 0.00 0.00 0.00
Amphipod 0.11 11.72 0.04 0.66
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.03 2.71 1.01 17.00
Copepod (total) 0.79 82.61 4.53 76.08
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.01 1.04 0.01 0.20
Ctenophore 0.00 0.00 0.00 0.07
Euphausiid 0.00 0.43 0.23 3.85
Ostracod 0.00 0.00 0.02 0.33
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.01 0.05 0.88




Chaetognath (total) 1.33 21.71
Copepod (total) 4.61 75.27
Crustacean nauplius 0.00 0.00










Chaetognath (total) 1.68 15.59
Copepod (total) 8.20 75.97
Crustacean nauplius 0.00 0.00




Salp (total) 0.00 0.00
Scyphomedusa 0.10 0.89
Thecosome 0.11 1.06




























Table A4. January 2018 zooplankton biomass (mg C m-3) at each station and average zooplankton 






Taxon biomass at 
station (mg C m-3)
Relative abundance of taxon at 
station (% of total community 
station biomass)
Total community 
biomass at station (mg 
C m-3)
Average taxon 
biomass in water 
mass (mg C m-3)
Average relative abundance of taxon in water 
mass (% of average total community water mass 
biomass)
Average total community 
biomass in water mass (mg 
C m-3)
Amphipod 0.00 0.00 0.07 0.46
Appendicularian 0.00 0.00 2.44 15.49
Bivalve 5.40 11.45 1.02 6.49
Chaetognath (total) 5.92 12.57 3.24 20.56
Copepod (total) 35.48 75.28 7.85 49.79
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.20 0.42 0.23 1.48
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.03 0.06 0.22 1.40
Ostracod 0.01 0.03 0.01 0.05
Salp (total) 0.00 0.00 0.64 4.08
Scyphomedusa 0.00 0.00 0.00 0.01




Chaetognath (total) 5.99 57.71
Copepod (total) 3.84 36.98
Crustacean nauplius 0.00 0.00










Chaetognath (total) 5.32 34.82
Copepod (total) 4.86 31.77
Crustacean nauplius 0.00 0.00










Chaetognath (total) 1.73 12.28
Copepod (total) 1.44 10.21
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.23 6.35
Copepod (total) 0.96 26.28
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.25 6.16
Copepod (total) 0.52 12.94
Crustacean nauplius 0.00 0.00




Salp (total) 1.63 40.27
Scyphomedusa 0.00 0.00
Thecosome 0.01 0.31
Amphipod 0.16 3.94 0.16 5.08
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.10 0.00 0.13
Chaetognath (total) 1.56 38.32 1.13 35.11
Copepod (total) 1.01 24.79 1.03 32.11
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.04 0.94 0.03 0.82
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.52 12.87 0.38 11.90
Ostracod 0.03 0.84 0.04 1.14
Salp (total) 0.73 17.86 0.41 12.92
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.69 29.52
Copepod (total) 1.05 44.83
Crustacean nauplius 0.00 0.00




Salp (total) 0.10 4.34
Scyphomedusa 0.00 0.00
Thecosome 0.04 1.55


























Table A5. March 2018 zooplankton biomass (mg C m-3) at each station and average zooplankton 






Taxon biomass at 
station (mg C m-3)
Relative abundance of taxon at 
station (% of total community 
station biomass)
Total community 
biomass at station (mg 
C m-3)
Average taxon 
biomass in water 
mass (mg C m-3)
Average relative abundance of taxon in water 
mass (% of average total community water mass 
biomass)
Average total community 
biomass in water mass (mg 
C m-3)
Amphipod 0.00 0.00 0.00 0.00
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.12 2.06 0.26 4.79
Copepod (total) 2.92 51.02 5.75 106.14
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.21 3.59 0.21 3.79
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.00 0.00
Ostracod 0.00 0.00 0.00 0.00
Salp (total) 2.44 42.68 4.59 84.59
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.14 2.77
Copepod (total) 2.84 55.36
Crustacean nauplius 0.00 0.00




Salp (total) 2.14 41.87
Scyphomedusa 0.00 0.00
Thecosome 0.00 0.00
Amphipod 0.00 0.00 0.00 0.21
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.18 12.90 0.21 9.34
Copepod (total) 0.61 42.79 1.42 62.81
Crustacean nauplius 0.00 0.02 0.00 0.02
Crustacean zoea 0.11 7.72 0.44 19.31
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.46 31.84 0.15 6.74
Ostracod 0.00 0.19 0.00 0.14
Salp (total) 0.05 3.16 0.02 0.67
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.34 8.39
Copepod (total) 2.60 64.82
Crustacean nauplius 0.00 0.02










Chaetognath (total) 0.11 8.37
Copepod (total) 1.03 78.52
Crustacean nauplius 0.00 0.02




Salp (total) 0.00 0.00
Scyphomedusa 0.00 0.00
Thecosome 0.03 2.43
Amphipod 0.00 0.08 0.00 0.02
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.02 1.15 0.05 1.77
Copepod (total) 0.14 7.76 0.13 4.50
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.29 15.80 0.11 3.70
Ostracod 0.00 0.00 0.01 0.31
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.02 0.41
Copepod (total) 0.12 2.02
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.11 10.27
Copepod (total) 0.13 12.34
Crustacean nauplius 0.00 0.00




Salp (total) 0.00 0.00
Scyphomedusa 0.00 0.00
Thecosome 0.81 74.98




























Table A6. May 2018 zooplankton biomass (mg C m-3) at each station and average zooplankton 







Taxon biomass at 
station (mg C m-3)
Relative abundance of taxon at 
station (% of total community 
station biomass)
Total community 
biomass at station (mg 
C m-3)
Average taxon 
biomass in water 
mass (mg C m-3)
Average relative abundance of taxon in water 
mass (% of average total community water mass 
biomass)
Average total community 
biomass in water mass (mg 
C m-3)
Amphipod 0.00 0.00 0.00 0.00
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.21 20.04 0.17 34.10
Copepod (total) 0.48 47.06 0.23 45.33
Crustacean nauplius 0.00 0.01 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.01
Euphausiid 0.32 31.51 0.09 18.18
Ostracod 0.00 0.00 0.00 0.09
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.07




Chaetognath (total) 0.26 58.45
Copepod (total) 0.17 39.59
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.29 40.61
Copepod (total) 0.26 37.50
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.16 52.83
Copepod (total) 0.14 45.82
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.08 24.82
Copepod (total) 0.22 74.04
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.05 19.25
Copepod (total) 0.08 34.66
Crustacean nauplius 0.00 0.00




Salp (total) 0.00 0.00
Scyphomedusa 0.00 0.00
Thecosome 0.04 15.78
Amphipod 0.00 0.00 0.00 0.00
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.03 21.66 0.03 43.32
Copepod (total) 0.08 53.90 0.08 107.79
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.00 0.00
Ostracod 0.00 0.90 0.00 1.80
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.00
Thecosome 0.03 23.55 0.03 47.09























Table A7. July 2018 zooplankton biomass (mg C m-3) at each station and average zooplankton 






Taxon biomass at 
station (mg C m-3)
Relative abundance of taxon at 
station (% of total community 
station biomass)
Total community 
biomass at station (mg 
C m-3)
Average taxon 
biomass in water 
mass (mg C m-3)
Average relative abundance of taxon in water 
mass (% of average total community water mass 
biomass)
Average total community 
biomass in water mass (mg 
C m-3)
Amphipod 0.00 0.27 0.00 0.27
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.15 11.33 0.15 11.33
Copepod (total) 1.16 85.48 1.16 85.48
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.00 0.00
Ostracod 0.00 0.00 0.00 0.00
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.00
Thecosome 0.04 2.93 0.04 2.93
Amphipod 0.00 0.00 0.00 0.48
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.11 25.28 0.14 28.40
Copepod (total) 0.26 58.85 0.29 59.36
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.01 2.55
Ostracod 0.00 0.00 0.00 0.67
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.11 20.85
Copepod (total) 0.33 63.32
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.23 33.01
Copepod (total) 0.38 54.17
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.23 60.18
Copepod (total) 0.12 33.15
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.01 3.05
Copepod (total) 0.35 89.29
Crustacean nauplius 0.00 0.00




Salp (total) 0.00 0.00
Scyphomedusa 0.00 0.00
Thecosome 0.03 6.77
Amphipod 0.00 0.00 0.00 0.00
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 1.78 73.02 1.09 60.13
Copepod (total) 0.59 24.20 0.67 37.16
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.00 0.00 0.00 0.00
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.00 0.00
Ostracod 0.02 0.63 0.02 0.97
Salp (total) 0.00 0.00 0.00 0.00
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.39 33.46
Copepod (total) 0.75 63.97
Crustacean nauplius 0.00 0.00




































Table A8. September 2018 zooplankton biomass (mg C m-3) at each station and average zooplankton 







Taxon biomass at 
station (mg C m-3)
Relative abundance of taxon at 
station (% of total community 
station biomass)
Total community 
biomass at station (mg 
C m-3)
Average taxon 
biomass in water 
mass (mg C m-3)
Average relative abundance of taxon in water 
mass (% of average total community water mass 
biomass)
Average total community 
biomass in water mass (mg 
C m-3)
Amphipod 0.41 2.25 0.41 2.25
Appendicularian 10.71 59.26 10.71 59.26
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.20 1.10 0.20 1.10
Copepod (total) 5.40 29.86 5.40 29.86
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.89 4.92 0.89 4.92
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.32 1.77 0.32 1.77
Ostracod 0.00 0.00 0.00 0.00
Salp (total) 0.15 0.84 0.15 0.84
Scyphomedusa 0.00 0.00 0.00 0.00
Thecosome 0.00 0.00 0.00 0.00
Amphipod 0.00 0.05 0.00 0.03
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 0.88 13.25 0.32 16.16
Copepod (total) 1.38 20.68 0.75 37.48
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 3.42 51.37 0.72 35.96
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.63 9.42 0.12 6.12
Ostracod 0.00 0.00 0.00 0.04
Salp (total) 0.35 5.22 0.08 4.08
Scyphomedusa 0.00 0.00 0.00 0.00




Chaetognath (total) 0.31 12.97
Copepod (total) 1.19 49.72
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.17 15.55
Copepod (total) 0.71 66.32
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.42 37.40
Copepod (total) 0.67 60.31
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.06 17.73
Copepod (total) 0.25 72.63
Crustacean nauplius 0.00 0.00










Chaetognath (total) 0.10 25.43
Copepod (total) 0.29 73.89
Crustacean nauplius 0.00 0.00




Salp (total) 0.00 0.00
Scyphomedusa 0.00 0.00
Thecosome 0.00 0.00
Amphipod 0.00 0.00 0.00 0.00
Appendicularian 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00
Chaetognath (total) 2.21 66.07 2.21 66.07
Copepod (total) 0.99 29.57 0.99 29.57
Crustacean nauplius 0.00 0.00 0.00 0.00
Crustacean zoea 0.01 0.38 0.01 0.38
Ctenophore 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.00 0.00
Ostracod 0.00 0.11 0.00 0.11
Salp (total) 0.13 3.87 0.13 3.87
Scyphomedusa 0.00 0.00 0.00 0.00






























Table A9. Results from PERMANOVA and PERMDISP pairwise tests for factor “Water Mass” between 
groups Neritic (N), Subtropical water (STW), and Subantarctic water (SAW) comparing zooplankton 
community composition along the Munida Transect between November 2017 to September 2018. 
Community composition was compared at both the “General group” level and the “Subgroup level”. 
Significant associations are indicated by p-values <0.05 generated from Monte-Carlo samplings (p(MC) 











t p(MC) t p(perm)
N-STW 1.8540 0.0150 1.7431 0.1800
N-SAW 1.9851 0.0070 2.0690 0.1140
STW-SAW 1.5207 0.0530 0.2040 0.8660
N-STW 1.7544 0.0090 1.4728 0.2790
N-SAW 1.8183 0.0120 1.2338 0.3240













Table A10. Results from PERMANOVA and PERMDISP pairwise tests for factor “Season” between 
groups Spring, Summer, Autumn, and Winter comparing zooplankton community composition along the 
Munida Transect between November 2017 to. September 2018. Community composition was 
compared at both the “General group” level and the “Subgroup level”. Significant associations are 
indicated by p-values <0.05 generated from Monte-Carlo samplings (p(MC) and are in bold text. 









t p(MC) t p(perm)
Spring-Summer 2.0075 0.0070 0.6917 0.5010
Spring-Autumn 1.6872 0.0190 0.3740 0.7500
Spring-Winter 1.9522 0.0120 4.3073 0.0010
Summer-Autumn 2.7451 0.0010 0.9559 0.4520
Summer-Winter 3.5210 0.0010 3.6042 0.0040
Autumn-Winter 1.2204 0.1850 4.2761 0.0020
Spring-Summer 1.5765 0.0370 1.5926 0.1720
Spring-Autumn 1.6104 0.0210 1.3880 0.2120
Spring-Winter 2.0711 0.0040 3.6380 0.0040
Summer-Autumn 2.3139 0.0010 2.8351 0.0330
Summer-Winter 3.0846 0.0010 2.0896 0.0590
Autumn-Winter 1.4013 0.0840 4.8663 0.0030
Groups
PERMDISP











Table A11. Linear model results describing relationships between pCO2, Chl-a, and total zooplankton 






































Table A12. One sample t-tests comparing environmental conditions of the Control treatment to the 









t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances
Variable 1 Variable 2 Variable 1 Variable 2 Variable 1 Variable 2
Mean 0.268964 0.270571 Mean 0.13442 0.116125 Mean 0.107113 0.120565
Variance 0.009109 0.008523 Variance 0.022965 0.019069 Variance 0.004368 0.004796
Observations 40 40 Observations 40 40 Observations 40 40
Hypothesized Mean Difference0 Hypothesized Mean Difference0 Hypothesized Mean Difference0
df 78 df 77 df 78
t Stat -0.07655 t Stat 0.564355 t Stat -0.8887
P(T<=t) one-tail0.46959 P(T<=t) one-tail0.287077 P(T<=t) one-tail0.188449
t Critical one-tail1.664625 t Critical one-tail1.664885 t Critical one-tail1.664625
P(T<=t) two-tail0.93918 P(T<=t) two-tail0.574153 P(T<=t) two-tail0.376899
t Critical two-tail1.990847 t Critical two-tail1.991254 t Critical two-tail1.990847
DRSi Sal PAR
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances
Variable 1 Variable 2 Variable 1 Variable 2 Variable 1 Variable 2
Mean 1.04878 1.13833 Mean 33.70657 33.53934 Mean 578.8812 578.8812
Variance 0.516317 0.361229 Variance 0.004562 0.019303 Variance 18817.33 18817.33
Observations 40 40 Observations 52 52 Observations 52 52
Hypothesized Mean Difference0 Hypothesized Mean Difference0 Hypothesized Mean Difference0
df 76 df 74 df 102
t Stat -0.60459 t Stat 7.806001 t Stat 0
P(T<=t) one-tail0.273627 P(T<=t) one-tail1.51E-11 P(T<=t) one-tail 0.5
t Critical one-tail1.665151 t Critical one-tail1.665707 t Critical one-tail1.65993
P(T<=t) two-tail0.547254 P(T<=t) two-tail3.01E-11 P(T<=t) two-tail 1
t Critical two-tail1.991673 t Critical two-tail1.992543 t Critical two-tail1.983495
Temp pH
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances
Variable 1 Variable 2 Variable 1 Variable 2
Mean 16.02385 17.70115 Mean 8.018875 7.697334
Variance 0.070624 0.523348 Variance 0.004993 0.011949
Observations 52 52 Observations 48 48
Hypothesized Mean Difference0 Hypothesized Mean Difference0
df 65 df 80
t Stat -15.6939 t Stat 17.11527
P(T<=t) one-tail4.3E-24 P(T<=t) one-tail9.07E-29
t Critical one-tail1.668636 t Critical one-tail1.664125
P(T<=t) two-tail8.6E-24 P(T<=t) two-tail1.81E-28






Table A13. ANOVA output for Mesocosm Experiment 3 grazing incubation 2.  
 
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.01816 0.01816 0.53 0.507
Residuals 4 0.13693 0.03423
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 56.04 56.04 2.26 0.207
Residuals 4 99.18 24.8
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.04989 0.04989 2.912 0.163
Residuals 4 0.06852 0.01713
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 60.97 60.97 1.936 0.236
Residuals 4 125.98 31.49
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 8.908 8.908 2.94 0.162
Residuals 4 12.118 3.03
  
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.004 0.004 0.11 0.757
Residuals 4 0.146 0.0365
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.02105 0.02105 1.924 0.238
Residuals 4 0.04376 0.01094
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 6.92 6.92 0.316 0.604
Residuals 4 87.59 21.9
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.00003 0.000025 0.002 0.969
Residuals 4 0.05949 0.014873
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 2.334 2.334 0.783 0.426
Residuals 4 11.921 2.98
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.02564 0.025643 3.848 0.121
Residuals 4 0.02666 0.006664
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.2584 0.25843 2.701 0.176
Residuals 4 0.3828 0.09569
Signif. Codes:  '***' 0.001 '**' 0.01 '*' 0.05 
ME3 Incubation 2, 5-20um prey field clearance rates
ME3 Incubation 2, 5-20um prey field ingestion rates
ME3 Incubation 2, 20-50um prey field clearance rates
ME3 Incubation 2, 20-50um prey field ingestion rates
ME3 Incubation 2, 2-5um prey field clearance rates
ME3 Incubation 2, 2-5um prey field ingestion rates
ME3 Incubation 2, Total prey field clearance rates
ME3 Incubation 2, Total prey field ingestion rates
ME3 Incubation 2, HighAR prey field clearance rates
ME3 Incubation 2, HighAR prey field ingestion rates
ME3 Incubation 2, LowAR prey field ingestion rates






Table A14. ANOVA output for Mesocosm Experiment 3 grazing incubation 3. 
 
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.04609 0.04609 44.43 0.00263 **
Residuals 4 0.00415 0.00104
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 173.12 173.12 75.64 0.000962 ***
Residuals 4 9.15 2.29
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.05293 0.05293 12.26 0.0249 *
Residuals 4 0.01727 0.00432
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 21.17 21.172 7.331 0.0537
Residuals 4 11.55 2.888
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 42.39 42.39 55.52 0.00173 **
Residuals 4 3.05 0.76
  
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.05196 0.05196 34.96 0.0041 **
Residuals 4 0.00594 0.00149
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.05395 0.05395 48.15 0.00227 **
Residuals 4 0.00448 0.00112
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 111.96 112 79.82 0.000868 ***
Residuals 4 5.61 1.4
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.03971 0.03971 7.114 0.056
Residuals 4 0.02233 0.00558
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 3.525 3.525 4.703 0.0959
Residuals 4 2.998 0.749
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.01434 0.014335 6.253 0.0667
Residuals 4 0.00917 0.002293
Df Sum Sq Mean Sq F value pr(>F)
Treatment 1 0.04227 0.04227 4.624 0.0979
Residuals 4 0.03657 0.00914
Signif. Codes:  '***' 0.001 '**' 0.01 '*' 0.05 
ME3 Incubation 3, 5-20um prey field clearance rates
ME3 Incubation 3, 5-20um prey field ingestion rates
ME3 Incubation 3, 20-50um prey field clearance rates
ME3 Incubation 3, 20-50um prey field ingestion rates
ME3 Incubation 3, 2-5um prey field clearance rates
ME3 Incubation 3, 2-5um prey field ingestion rates
ME3 Incubation 3, Total prey field clearance rates
ME3 Incubation 3, Total prey field ingestion rates
ME3 Incubation 3, HighAR prey field clearance rates
ME3 Incubation 3, HighAR prey field ingestion rates
ME3 Incubation 3, LowAR prey field ingestion rates






Table A15. Single-factor ANOVAs comparing environmental conditions of the Control, Low pH, and 








Anova: Single Factor Anova: Single Factor Anova: Single Factor
SUMMARY SUMMARY SUMMARY
Groups Count Sum Average Variance Groups Count Sum Average Variance Groups Count Sum Average Variance
CONTROL 33 10.57857 0.320563 0.033552 CONTROL 32 8.407143 0.262723 0.036309 CONTROL 33 13.86935 0.420283 0.065418
LOW PH 33 12.525 0.379545 0.050644 LOW PH 33 8.985714 0.272294 0.037053 LOW PH 33 13.58226 0.411584 0.063618
LOW PH HIGH T 31 9.992857 0.32235 0.052499 LOW PH HIGH T 32 9.6 0.3 0.042061 LOW PH HIGH T 33 14.17419 0.429521 0.068046
ANOVA ANOVA ANOVA
Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F crit
Between Groups 0.073592 2 0.036796 0.810173 0.447862 3.093266 Between Groups 0.024023 2 0.012012 0.312319 0.732504215 3.093266 Between Groups 0.00531 2 0.002655 0.040418 0.960404 3.091191
Within Groups 4.269216 94 0.045417 Within Groups 3.615152 94 0.038459 Within Groups 6.306613 96 0.065694
Total 4.342808 96 Total 3.639175 96 Total 6.311923 98
DRSi Salinity PAR
Anova: Single Factor Anova: Single Factor Anova: Single Factor
SUMMARY SUMMARY SUMMARY
Groups Count Sum Average Variance Groups Count Sum Average Variance Groups Count Sum Average Variance
CONTROL 33 42.40039 1.28486 0.396534 CONTROL 63 2165.606 34.37469 0.001351 CONTROL 63 24234.57 384.6758 11614.52
LOW PH 33 40.36919 1.223309 0.422049 LOW PH 63 2164.342 34.35463 0.002396 LOW PH 63 24234.57 384.6758 11614.52
LOW PH HIGH T 33 43.43949 1.316348 0.608478 LOW PH HIGH T 63 2162.723 34.32894 0.006677 LOW PH HIGH T 63 24234.57 384.6758 11614.52
ANOVA ANOVA ANOVA
Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F crit
Between Groups 0.147801 2 0.0739 0.155355 0.856326 3.091191 Between Groups 0.066273 2 0.033136 9.536738 0.000114057 3.044504 Between Groups -1.9E-09 2 -9.3E-10 -8E-14 #NUM! 3.044504
Within Groups 45.66598 96 0.475687 Within Groups 0.646274 186 0.003475 Within Groups 2160301 186 11614.52
Total 45.81378 98 Total 0.712546 188 Total 2160301 188
Tukey HSD
diff lwr upr p adj
LOW PH-CONTROL -2005881 -0.04487 0.004755 0.1387173
LOW PH HIGH T-CONTROL -0.04575 -0.07057 -0.02094 0.0000646
LOW PH HIGH T-LOW PH -0.02569 -0.05051 -0.00088 0.0405131
Temperature pH
Anova: Single Factor Anova: Single Factor
SUMMARY SUMMARY
Groups Count Sum Average Variance Groups Count Sum Average Variance
CONTROL 63 829.8033 13.17148 0.285976 CONTROL 63 513.7665 8.155024 0.000939
LOW PH 63 830.6074 13.18424 0.287907 LOW PH 63 484.9246 7.697215 0.016776
LOW PH HIGH T 63 992.6555 15.75644 1.291643 LOW PH HIGH T 63 484.4442 7.689591 0.016808
ANOVA ANOVA
Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F crit
Between Groups 279.2648 2 139.6324 224.5464 2.52E-50 3.044504 Between Groups 8.951796 2 4.475898 388.9609 3.53846E-67 3.044504
Within Groups 115.6626 186 0.621842 Within Groups 2.140362 186 0.011507
Total 394.9274 188 Total 11.09216 188
Tukey HSD Tukey HSD
diff lwr upr p adj diff lwr upr p adj
LOW PH-CONTROL 0.012763 -0.31919 0.344718 0.995462 LOW PH-CONTROL -0.45781 -0.50297 -0.41265 0.000000
LOW PH HIGH T-CONTROL 2.584955 2.252999 2.91691 0.000000 LOW PH HIGH T-CONTROL -0.46543 -0.51059 -0.42028 0.000000






Table A16. ANOVA output for Mesocosm Experiment 4 grazing incubation 1. 
 
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.01749 0.008744 0.468 0.647
Residuals 6 0.11202 0.01867
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 133.1 66.57 0.901 0.455
Residuals 6 443.2 73.86
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.00044 0.00022 0.014 0.986
Residuals 6 0.09362 0.0156
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.604 0.3019 0.148 0.865
Residuals 6 12.218 2.0364
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 11.26 5.631 0.902 0.454
Residuals 6 37.45 6.242
  
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.00391 0.001956 0.068 0.935
Residuals 6 0.17301 0.028836
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.01215 0.006073 0.803 0.491
Residuals 6 0.04538 0.007563
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 3.041 1.521 0.546 0.605
Residuals 6 16.701 2.784
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.01777 0.008886 0.401 0.687
Residuals 6 0.13312 0.022186
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 1.244 0.622 0.148 0.865
Residuals 6 25.206 4.201
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.01493 0.007463 0.86 0.469
Residuals 6 0.05204 0.008674
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.1057 0.05283 1.016 0.417
Residuals 6 0.3121 0.05201
Signif. Codes:  '***' 0.001 '**' 0.01 '*' 0.05 
ME4 Incubation 1, 5-20um prey field clearance rates
ME4 Incubation 1, 5-20um prey field ingestion rates
ME4 Incubation 1, 20-50um prey field clearance rates
ME4 Incubation 1, 20-50um prey field ingestion rates
ME4 Incubation 1, 2-5um prey field clearance rates
ME4 Incubation 1, 2-5um prey field ingestion rates
ME4 Incubation 1, Total prey field clearance rates
ME4 Incubation 1, Total prey field ingestion rates
ME4 Incubation 1, HighAR prey field clearance rates
ME4 Incubation 1, HighAR prey field ingestion rates
ME4 Incubation 1, LowAR prey field ingestion rates






Table A17. ANOVA output for Mesocosm Experiment 4 grazing incubation 2. 
 
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.09749 0.04875 2.69 0.147
Residuals 6 0.10872 0.01812
TUKEY HSD diff lwr upr p adj
Df Sum Sq Mean Sq F value pr(>F) lowpH-control -22.5621783 -46.1229 0.998581 0.058733
Treatment 2 991.1 495.6 5.603 0.0424 * lowpH_highT-control -0.6151512 -24.1759 22.94561 0.99647
Residuals 6 530.7 88.4 lowpH_highT-lowpH 21.9470271 -1.61373 45.50779 0.064908
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.04218 0.02109 0.748 0.513
Residuals 6 0.16926 0.02821
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 25.01 12.51 0.814 0.487
Residuals 6 92.16 15.36
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 43.53 21.77 1.233 0.356
Residuals 6 105.9 17.65
  
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.03929 0.01965 0.79 0.496
Residuals 6 0.1492 0.02487
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.006625 0.003313 1.569 0.283
Residuals 6 0.012665 0.002111
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 60.24 30.12 2.845 0.135
Residuals 6 63.53 10.59
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.02939 0.01469 0.512 0.623
Residuals 6 0.17209 0.02868
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 11.19 5.593 0.795 0.494
Residuals 6 42.22 7.036
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.01923 0.009614 0.95 0.438
Residuals 6 0.06073 0.010122
Df Sum Sq Mean Sq F value pr(>F)
Treatment 2 0.7434 0.3717 1.052 0.406
Residuals 6 2.1191 0.3532
Signif. Codes:  '***' 0.001 '**' 0.01 '*' 0.05 
ME4 Incubation 2, 5-20um prey field clearance rates
ME4 Incubation 2, 5-20um prey field ingestion rates
ME4 Incubation 2, 20-50um prey field clearance rates
ME4 Incubation 2, 20-50um prey field ingestion rates
ME4 Incubation 2, 2-5um prey field clearance rates
ME4 Incubation 2, 2-5um prey field ingestion rates
ME4 Incubation 2, Total prey field clearance rates
ME4 Incubation 2, Total prey field ingestion rates
ME4 Incubation 2, HighAR prey field clearance rates
ME4 Incubation 2, HighAR prey field ingestion rates
ME4 Incubation 2, LowAR prey field ingestion rates






Table A18. One sample t-tests for clearance and ingestion rates on the total prey field for ME4 
Incubations 1 and 2. Highlighted cells show significant p-values when tested against zero. 
 
ME4 Incubation 1 Clearance rates on total prey field. 
Control Low pH Low pH + High T
clearance zero clearance zero clearance zero
Mean 0.1420585 0 Mean 0.0948329 0 Mean 0.1751494 0
Variance 0.0055174 0 Variance 0.0496261 0 Variance 0.0001414 0
Observations 3 3 Observations 3 3 Observations 3 3
Hypothesized Mean Difference0 Hypothesized Mean Difference0 Hypothesized Mean Difference0
df 2 df 2 df 2
t Stat 3.3125306 t Stat 0.7373344 t Stat 25.511075
P(T<=t) one-tail0.0401544 P(T<=t) one-tail0.2688442 P(T<=t) one-tail0.0007665
t Critical one-tail2.9199856 t Critical one-tail2.9199856 t Critical one-tail2.9199856
P(T<=t) two-tail0.0803088 P(T<=t) two-tail0.5376884 P(T<=t) two-tail0.001533
t Critical two-tail4.3026527 t Critical two-tail4.3026527 t Critical two-tail4.3026527
ME4 Incubation 2 Clearance rates on total prey field. 
Control Low pH Low pH + High T
clearance zero clearance zero clearance zero
Mean 0.1474518 0 Mean -0.0989389 0 Mean 0.1682077 0
Variance 0.0332749 0 Variance 0.0214569 0 Variance 0.0290978 0
Observations 3 3 Observations 3 3 Observations 3 3
Hypothesized Mean Difference0 Hypothesized Mean Difference0 Hypothesized Mean Difference0
df 2 df 2 df 2
t Stat 1.4000785 t Stat -1.1698878 t Stat 1.707955
P(T<=t) one-tail0.1482268 P(T<=t) one-tail0.1812963 P(T<=t) one-tail0.1148841
t Critical one-tail2.9199856 t Critical one-tail2.9199856 t Critical one-tail2.9199856
P(T<=t) two-tail0.2964536 P(T<=t) two-tail0.3625926 P(T<=t) two-tail0.2297682
t Critical two-tail4.3026527 t Critical two-tail4.3026527 t Critical two-tail4.3026527
ME4 Incubation 1 Ingestion rates on total prey field. 
Control Low pH Low pH + High T
ingestion zero ingestion zero ingestion zero
Mean 12.391235 0 Mean 5.3428146 0 Mean 7.5637849 0
Variance 57.453943 0 Variance 187.28028 0 Variance 3.7415163 0
Observations 3 3 Observations 3 3 Observations 3 3
Hypothesized Mean Difference0 Hypothesized Mean Difference0 Hypothesized Mean Difference0
df 2 df 2 df 2
t Stat 2.8314918 t Stat 0.6762149 t Stat 6.7729205
P(T<=t) one-tail0.0526896 P(T<=t) one-tail0.2843107 P(T<=t) one-tail0.0105558
t Critical one-tail2.9199856 t Critical one-tail2.9199856 t Critical one-tail2.9199856
P(T<=t) two-tail0.1053792 P(T<=t) two-tail0.5686214 P(T<=t) two-tail0.0211117
t Critical two-tail4.3026527 t Critical two-tail4.3026527 t Critical two-tail4.3026527
ME4 Incubation 2 Ingestion rates on total prey field. 
Control Low pH Low pH + High T
ingestion zero ingestion zero ingestion zero
Mean 11.878985 0 Mean -17.195384 0 Mean 15.501823 0
Variance 226.99665 0 Variance 398.94721 0 Variance 47.577827 0
Observations 3 3 Observations 3 3 Observations 3 3
Hypothesized Mean Difference0 Hypothesized Mean Difference0 Hypothesized Mean Difference0
df 2 df 2 df 2
t Stat 1.3656212 t Stat -1.4911275 t Stat 3.892612
P(T<=t) one-tail0.1526799 P(T<=t) one-tail0.137214 P(T<=t) one-tail0.0300536
t Critical one-tail2.9199856 t Critical one-tail2.9199856 t Critical one-tail2.9199856
P(T<=t) two-tail0.3053598 P(T<=t) two-tail0.274428 P(T<=t) two-tail0.0601072






Table A19. Mean relative concentrations of fatty acids in the diet on Day 2 of Mesocosm Experiment 








Mean ± SD Mean ± SD Mean ± SD
C12:0 Lauric acid 1.40 ± 0.41 0.79 ± 0.09 1.61 ± 0.09
C14:0 Myristic acid 7.76 ± 8.59 11.55 ± 13.10 7.36 ± 8.50
C15:0 Pentadecanoic acid 1.48 ± 0.35 0.81 ± 0.53 1.25 ± 0.08
C15:0a anteiso-pentadecanoic acid 1.07 ± 0.45 0.69 ± 0.36 1.04 ± 0.15
C15:0i iso-pentadecanoic acid 1.38 ± 0.33 0.73 ± 0.44 1.15 ± 0.17
C16:0 Palmitic acid 29.96 ± 6.72 23.54 ± 1.40 27.01 ± 1.27
C17:0 Heptadecanoic acid 0.36 ± 0.15 0.09 ± 0.16 0.33 ± 0.00
C18:0 Stearic acid 4.45 ± 1.06 2.64 ± 0.29 3.56 ± 1.16
C20:0 Arachidic acid 0.56 ± 0.11 0.38 ± 0.06 0.48 ± 0.07
C22:0 Behenic acid 0.50 ± 0.18 0.06 ± 0.10 0.46 ± 0.03 *
C23:0 Tricosanoic acid 0.07 ± 0.13 0.11 ± 0.19 0.08 ± 0.11
C24:0 Lignoceric acid 0.69 ± 0.18 0.31 ± 0.36 0.63 ± 0.06
C16:1 Palmitoleic acid 18.22 ± 2.12 9.40 ± 1.42 21.55 ± 0.79 ***
C17:1 cis-10-heptadecanoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C18:1n-7 Vaccenic acid 4.45 ± 1.41 7.02 ± 0.68 4.22 ± 0.11 *
C18:1n-9c Oleic acid 2.32 ± 0.74 3.20 ± 2.28 2.14 ± 0.18
C20:1 Gadoleic acid 0.69 ± 0.68 6.92 ± 1.98 0.44 ± 0.62
C24:1 Nervonic acid 0.63 ± 0.10 0.33 ± 0.34 0.65 ± 0.04
C16:2n-4 Hexadecadienoic acid 0.68 ± 0.25 0.26 ± 0.07 0.85 ± 0.00 *
C18:2n-6c Linoleic acid (LA) 0.79 ± 0.25 0.51 ± 0.18 1.35 ± 0.63
C18:3n-3 Alpha-linolenic acid (ALA) 0.50 ± 0.32 0.39 ± 0.34 0.47 ± 0.13
C18:3n-4 Octadecatrienoic acid 0.33 ± 0.18 1.72 ± 0.38 0.41 ± 0.13 *
C18:3n-6 Gamma-linolenic acid 0.36 ± 0.15 2.14 ± 0.51 0.47 ± 0.11
C18:4n-3 Stearidonic acid 1.11 ± 0.51 1.18 ± 0.13 1.26 ± 0.25
C20:4n-3 Eicosatetraenoic acid 0.22 ± 0.27 0.08 ± 0.13 0.12 ± 0.17
C20:4n-6 Arachidonic acid (ARA) 0.27 ± 0.26 0.06 ± 0.11 0.43 ± 0.12
C20:5n-3 Eicosapentaenoic acid (EPA) 3.80 ± 2.44 2.14 ± 1.20 4.28 ± 0.86
C22:2 Dicosadienoic acid 0.00 ± 0.00 0.09 ± 0.15 0.00 ± 0.00
C22:5n-3 Docosapentaenoic acid 0.00 ± 0.00 0.12 ± 0.20 0.00 ± 0.00
C22:6n-3 Docosahexaenoica acid (DHA) 2.06 ± 1.68 1.42 ± 1.40 1.91 ± 0.52
57.52 ± 9.50 54.85 ± 4.70 52.31 ± 3.19
32.12 ± 4.37 31.35 ± 3.54 35.96 ± 0.39
10.36 ± 5.22 13.80 ± 2.62 11.75 ± 2.81













Table A20. Mean relative concentrations of fatty acids in the diet on Day 12 of Mesocosm Experiment 








Mean ± SD Mean ± SD Mean ± SD
C12:0 Lauric acid 2.04 ± 0.44 1.54 ± 0.48 2.57 ± 0.26
C14:0 Myristic acid 9.89 ± 11.03 6.79 ± 7.48 8.96 ± 9.84
C15:0 Pentadecanoic acid 1.14 ± 0.12 1.38 ± 0.11 1.28 ± 0.14
C15:0a anteiso-pentadecanoic acid 1.31 ± 0.46 1.53 ± 0.08 1.74 ± 0.41
C15:0i iso-pentadecanoic acid 2.01 ± 0.27 2.37 ± 0.44 1.95 ± 1.71
C16:0 Palmitic acid 23.40 ± 4.01 24.77 ± 1.68 25.26 ± 1.92
C17:0 Heptadecanoic acid 0.46 ± 0.04 0.77 ± 0.48 0.63 ± 0.10
C18:0 Stearic acid 6.55 ± 2.87 7.06 ± 0.90 7.15 ± 2.38
C20:0 Arachidic acid 0.36 ± 0.13 0.34 ± 0.14 0.63 ± 0.46
C22:0 Behenic acid 0.83 ± 0.20 0.99 ± 0.05 1.09 ± 0.09
C23:0 Tricosanoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C24:0 Lignoceric acid 0.49 ± 0.06 0.51 ± 0.12 0.64 ± 0.09
C16:1 Palmitoleic acid 10.86 ± 2.01 12.40 ± 0.78 11.36 ± 3.30
C17:1 cis-10-heptadecanoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C18:1n-7 Vaccenic acid 7.20 ± 0.75 7.05 ± 0.83 6.55 ± 1.23
C18:1n-9c Oleic acid 2.52 ± 0.35 2.63 ± 0.58 2.80 ± 0.29
C20:1 Gadoleic acid 1.04 ± 1.30 0.33 ± 0.12 0.09 ± 0.15
C24:1 Nervonic acid 0.14 ± 0.25 0.23 ± 0.20 0.33 ± 0.20
C16:2n-4 Hexadecadienoic acid 0.68 ± 0.23 0.61 ± 0.02 0.84 ± 0.38
C18:2n-6c Linoleic acid (LA) 2.05 ± 0.67 1.97 ± 0.23 1.96 ± 0.68
C18:3n-3 Alpha-linolenic acid (ALA) 2.22 ± 0.89 2.23 ± 0.44 2.87 ± 1.59
C18:3n-4 Octadecatrienoic acid 0.38 ± 0.43 0.31 ± 0.03 0.07 ± 0.12
C18:3n-6 Gamma-linolenic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C18:4n-3 Stearidonic acid 2.34 ± 0.76 2.23 ± 0.39 2.22 ± 0.88
C20:4n-3 Eicosatetraenoic acid 0.00 ± 0.00 0.11 ± 0.20 0.00 ± 0.00
C20:4n-6 Arachidonic acid (ARA) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C20:5n-3 Eicosapentaenoic acid (EPA) 0.00 ± 1.23 2.63 ± 0.32 1.99 ± 0.56
C22:2 Dicosadienoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C22:5n-3 Docosapentaenoic acid 0.00 ± 0.00 0.14 ± 0.24 0.00 ± 0.00
C22:6n-3 Docosahexaenoica acid (DHA) 2.89 ± 1.32 3.43 ± 0.97 1.70 ± 0.95
58.37 ± 8.73 54.85 ± 2.80 60.76 ± 0.48
28.76 ± 6.37 31.35 ± 4.31 27.41 ± 3.55















Table A21. Mean relative concentrations of individual fatty acids in the diet on Day 20 of Mesocosm 











Mean ± SD Mean ± SD Mean ± SD
C12:0 Lauric acid 1.66 ± 0.36 2.20 ± 0.30 3.30 ± 1.04
C14:0 Myristic acid 10.95 ± 12.89 10.23 ± 11.61 8.65 ± 9.87
C15:0 Pentadecanoic acid 1.20 ± 0.69 1.10 ± 0.27 1.16 ± 0.20
C15:0a anteiso-pentadecanoic acid 0.86 ± 0.14 1.23 ± 0.17 0.91 ± 0.28
C15:0i iso-pentadecanoic acid 1.03 ± 0.30 2.26 ± 0.63 1.62 ± 0.44
C16:0 Palmitic acid 24.16 ± 1.45 24.24 ± 1.38 27.83 ± 3.55
C17:0 Heptadecanoic acid 0.58 ± 0.29 0.59 ± 0.25 0.58 ± 0.04
C18:0 Stearic acid 9.87 ± 6.93 6.34 ± 1.37 5.51 ± 1.59
C20:0 Arachidic acid 0.38 ± 0.05 0.31 ± 0.05 0.31 ± 0.09
C22:0 Behenic acid 0.48 ± 0.45 0.73 ± 0.27 0.68 ± 0.17
C23:0 Tricosanoic acid 0.09 ± 0.15 0.08 ± 0.13 0.00 ± 0.00
C24:0 Lignoceric acid 0.47 ± 0.17 0.45 ± 0.15 0.45 ± 0.06
C16:1 Palmitoleic acid 13.25 ± 9.65 13.75 ± 1.21 11.07 ± 2.47
C17:1 cis-10-heptadecanoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C18:1n-7 Vaccenic acid 3.81 ± 2.74 5.31 ± 1.51 4.69 ± 0.69
C18:1n-9c Oleic acid 4.46 ± 3.64 2.89 ± 0.10 3.12 ± 0.52
C20:1 Gadoleic acid 0.09 ± 0.15 0.24 ± 0.24 0.41 ± 0.55
C24:1 Nervonic acid 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.07
C16:2n-4 Hexadecadienoic acid 0.64 ± 0.60 0.73 ± 0.28 0.64 ± 0.39
C18:2n-6c Linoleic acid (LA) 2.02 ± 0.99 2.79 ± 0.30 3.17 ± 0.35
C18:3n-3 Alpha-linolenic acid (ALA) 0.70 ± 0.42 2.03 ± 0.95 2.94 ± 1.27
C18:3n-4 Octadecatrienoic acid 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.11
C18:3n-6 Gamma-linolenic acid 0.12 ± 0.20 0.72 ± 0.68 0.52 ± 0.21
C18:4n-3 Stearidonic acid 0.95 ± 0.60 2.14 ± 0.08 3.73 ± 1.59 *
C20:4n-3 Eicosatetraenoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C20:4n-6 Arachidonic acid (ARA) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C20:5n-3 Eicosapentaenoic acid (EPA) 1.12 ± 0.79 2.06 ± 0.10 2.23 ± 0.29
C22:2 Dicosadienoic acid 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
C22:5n-3 Docosapentaenoic acid 3.37 ± 5.84 0.00 ± 0.00 0.09 ± 0.15
C22:6n-3 Docosahexaenoica acid (DHA) 0.84 ± 0.58 1.49 ± 0.50 1.75 ± 0.44
62.69 ± 1.06 59.99 ± 2.80 59.62 ± 1.37
27.49 ± 3.23 27.92 ± 4.31 24.87 ± 2.79
9.83 ± 3.41 12.09 ± 1.61 15.51 ± 1.55













Table A22. Zooplankton community abundances (individuals m-3) in each mesocosm bag on Day 0 of 









Bag 2 Bag 6 Bag 7 Bag 3 Bag 4 Bag 8 Bag 1 Bag 5 Bag 9
Nauplii 10694.57 4524.93 3995.42 7156.46 3698.57 5487.69 1933.53 3602.30 3072.78
Oithona  spp. 5551.87 5423.50 5455.59 5591.98 5158.75 4781.67 3249.29 6233.82 5295.14
Copepodite indet (small) 1404.01 1781.09 1395.99 1131.23 1700.86 1195.42 609.74 1660.75 1219.49
Euterpina acutifrons 754.16 786.25 521.49 473.35 722.06 633.81 272.78 633.81 393.12
Paracalanus  spp. 473.35 369.05 304.87 473.35 2077.94 377.08 192.55 457.31 264.76
Noctiluca scintillans 304.87 361.03 401.15 296.85 577.65 537.54 288.83 465.33 353.01
Decapoda 200.57 160.46 192.55 96.28 40.11 80.23 104.30 80.23 64.18
Polychaete larva 152.44 176.50 200.57 152.44 152.44 192.55 0.00 160.46 160.46
Barnacle nauplii 144.41 88.25 128.37 152.44 128.37 136.39 48.14 136.39 88.25
Polychaete others 120.34 88.25 96.28 184.53 112.32 80.23 0.00 88.25 104.30
Bivalve Spat 72.21 72.21 40.11 144.41 72.21 120.34 24.07 152.44 96.28
Ciona  sp. 56.16 72.21 24.07 16.05 8.02 16.05 16.05 24.07 32.09
Euphausiid larva 40.11 8.02 8.02 0.00 0.00 24.07 16.05 16.05 16.05
Chaetognaths 32.09 8.02 24.07 24.07 8.02 24.07 8.02 40.11 16.05
Small Medusa 32.09 56.16 64.18 48.14 32.09 24.07 16.05 48.14 24.07
Acartia  spp. 24.07 0.00 0.00 0.00 8.02 8.02 0.00 8.02 0.00
Copepodite indet (large) 24.07 16.05 8.02 0.00 16.05 0.00 16.05 0.00 0.00
Temora turbinata 24.07 24.07 32.09 8.02 8.02 120.34 40.11 16.05 32.09
Gastropoda indet 24.07 0.00 0.00 0.00 0.00 8.02 0.00 0.00 0.00
Barnacle cyprid 16.05 0.00 8.02 0.00 0.00 0.00 8.02 0.00 0.00
Cladocerans 8.02 16.05 16.05 16.05 8.02 24.07 0.00 40.11 40.11
Centropoges aucklandicus 8.02 24.07 8.02 24.07 24.07 72.21 40.11 8.02 24.07
Corycaeus  spp 8.02 16.05 8.02 24.07 56.16 0.00 8.02 0.00 0.00
Euterpina  sp. 8.02 0.00 16.05 0.00 8.02 0.00 0.00 16.05 8.02
Fritillaria  sp 0.00 0.00 8.02 0.00 8.02 0.00 0.00 0.00 0.00
Tintinnids 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calanus australis 0.00 8.02 16.05 0.00 0.00 8.02 0.00 16.05 0.00
Harpacticoid indet 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.02
Microsetella 0.00 0.00 0.00 8.02 0.00 0.00 0.00 0.00 0.00
Oncaea  spp. 0.00 8.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 20177.68 14088.27 12973.08 16021.80 14625.81 13951.88 6891.70 13903.74 11312.34
Day 0






Table A23. Zooplankton community abundances (individuals m-3) in each mesocosm bag on Day 20 









Bag 2 Bag 6 Bag 7 Bag 3 Bag 4 Bag 8 Bag 1 Bag 5 Bag 9
Nauplii 10670.50 18741.57 6490.55 9595.43 15347.87 6105.45 15708.90 16832.11 7244.71
Euterpina acutifrons 2816.05 1644.70 2294.56 2639.55 1724.93 1692.84 2085.96 2832.10 1588.54
Oithona  spp. 2687.68 1813.18 168.48 5070.49 2430.95 954.73 441.26 569.63 72.21
Copepodite indet (small) 112.32 16.05 1797.14 0.00 0.00 144.41 96.28 16.05 16.05
Paracalanus  spp. 96.28 128.37 1773.07 56.16 8.02 120.34 401.15 56.16 8.02
Corycaeus  spp 88.25 80.23 88.25 64.18 8.02 64.18 40.11 80.23 8.02
Euterpina  sp. 56.16 96.28 56.16 112.32 80.23 64.18 80.23 48.14 32.09
Temora turbinata 48.14 40.11 946.71 8.02 16.05 56.16 248.71 24.07 40.11
Bivalve Spat 40.11 24.07 0.00 24.07 40.11 0.00 72.21 96.28 32.09
Barnacle cyprid 24.07 32.09 8.02 0.00 0.00 16.05 24.07 16.05 0.00
Chaetognaths 16.05 0.00 8.02 0.00 16.05 0.00 0.00 0.00 0.00
Polychaete larva 16.05 8.02 0.00 32.09 16.05 24.07 0.00 0.00 24.07
Tintinnids 8.02 0.00 0.00 0.00 0.00 0.00 0.00 8.02 0.00
Acartia  spp. 8.02 16.05 48.14 0.00 0.00 16.05 0.00 0.00 0.00
Decapoda 8.02 0.00 0.00 0.00 8.02 8.02 0.00 0.00 8.02
Noctiluca scintillans 8.02 48.14 0.00 80.23 56.16 88.25 8.02 0.00 8.02
Gastropoda indet 8.02 0.00 0.00 0.00 0.00 0.00 8.02 16.05 0.00
Fritillaria  sp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Barnacle nauplii 0.00 8.02 8.02 8.02 0.00 16.05 0.00 8.02 0.00
Cladocerans 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Small Medusa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.05 16.05
Centropoges aucklandicus 0.00 8.02 104.30 0.00 0.00 8.02 16.05 0.00 0.00
Calanus australis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Harpacticoid indet 0.00 24.07 0.00 0.00 0.00 0.00 0.00 8.02 24.07
Copepodite indet (large) 0.00 0.00 16.05 0.00 0.00 0.00 0.00 0.00 0.00
Microsetella 0.00 0.00 0.00 8.02 0.00 0.00 0.00 0.00 0.00
Oncaea  spp. 0.00 0.00 0.00 0.00 16.05 0.00 0.00 0.00 0.00
Euphausiid larva 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Polychaete others 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ciona  sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 16711.77 22728.97 13807.47 17698.59 19768.51 9378.81 19230.97 20626.96 9122.08







Table A24. Change in zooplankton community abundances (individuals m-3) in each mesocosm bag 









Bag 2 Bag 6 Bag 7 Bag 3 Bag 4 Bag 8 Bag 1 Bag 5 Bag 9
Nauplii 13775.38 13229.82 4171.93 -24.07 14216.64 2495.13 2438.97 11649.30 617.77
Euterpina acutifrons 1813.18 2198.28 1195.42 2061.89 858.45 1773.07 2166.19 1002.87 1059.03
Paracalanus  spp. 208.60 -401.15 -256.73 -377.08 -240.69 1468.20 -417.19 -2069.92 -256.73
Temora turbinata 208.60 8.02 8.02 24.07 16.05 914.61 0.00 8.02 -64.18
Euterpina  sp. 80.23 32.09 24.07 48.14 96.28 40.11 112.32 72.21 64.18
Bivalve Spat 48.14 -56.16 -64.18 -32.09 -48.14 -40.11 -120.34 -32.09 -120.34
Corycaeus  spp 32.09 80.23 8.02 80.23 64.18 80.23 40.11 -48.14 64.18
Barnacle cyprid 16.05 16.05 0.00 8.02 32.09 0.00 0.00 0.00 16.05
Gastropoda indet 8.02 16.05 0.00 -16.05 0.00 0.00 0.00 0.00 -8.02
Fritillaria  sp 0.00 0.00 0.00 0.00 0.00 -8.02 0.00 -8.02 0.00
Tintinnids 0.00 8.02 0.00 8.02 0.00 0.00 0.00 0.00 0.00
Cladocerans 0.00 -40.11 -40.11 -8.02 -16.05 -16.05 -16.05 -8.02 -24.07
Acartia  spp. 0.00 -8.02 0.00 -16.05 16.05 48.14 0.00 -8.02 8.02
Calanus australis 0.00 -16.05 0.00 0.00 -8.02 -16.05 0.00 0.00 -8.02
Harpacticoid indet 0.00 8.02 16.05 0.00 24.07 0.00 0.00 0.00 0.00
Microsetella 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oncaea  spp. 0.00 0.00 0.00 0.00 -8.02 0.00 0.00 16.05 0.00
Polychaete others 0.00 -88.25 -104.30 -120.34 -88.25 -96.28 -184.53 -112.32 -80.23
Polychaete larva 0.00 -160.46 -136.39 -136.39 -168.48 -200.57 -120.34 -136.39 -168.48
Chaetognaths -8.02 -40.11 -16.05 -16.05 -8.02 -16.05 -24.07 8.02 -24.07
Small Medusa -16.05 -32.09 -8.02 -32.09 -56.16 -64.18 -48.14 -32.09 -24.07
Copepodite indet (large) -16.05 0.00 0.00 -24.07 -16.05 8.02 0.00 -16.05 0.00
Euphausiid larva -16.05 -16.05 -16.05 -40.11 -8.02 -8.02 0.00 0.00 -24.07
Ciona  sp. -16.05 -24.07 -32.09 -56.16 -72.21 -24.07 -16.05 -8.02 -16.05
Centropoges aucklandicus -24.07 -8.02 -24.07 -8.02 -16.05 96.28 -24.07 -24.07 -64.18
Barnacle nauplii -48.14 -128.37 -88.25 -144.41 -80.23 -120.34 -144.41 -128.37 -120.34
Decapoda -104.30 -80.23 -56.16 -192.55 -160.46 -192.55 -96.28 -32.09 -72.21
Noctiluca scintillans -280.80 -465.33 -344.99 -296.85 -312.89 -401.15 -216.62 -521.49 -449.28
Copepodite indet (small) -513.47 -1644.70 -1203.44 -1291.69 -1765.05 401.15 -1131.23 -1700.86 -1051.00
Oithona  spp. -2808.03 -5664.19 -5222.93 -2864.19 -3610.32 -5287.11 -521.49 -2727.80 -3826.94
Total 12339.27 6723.22 -2190.26 -3465.91 8640.70 834.39 1676.79 5142.70 -4573.07
Change from Day 0-Day 20






Table A25. Analysis of co-variance (ANCOVA) results comparing two linear models (one with 
considering the effect of treatment, and one without considering the effect of treatment) of the 
relationship between diet fatty acid composition and zooplankton fatty acid composition at each time 









Model 1: zoop.final.amount_pofT ~ diet.amount_pofT + Treatment Time point p -value
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